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Abstract 
With intrinsic advantages such as frequency modulation, ease of multiplexing 
and strong immunity to electromagnetic interference, optical Fiber Bragg Grating 
(FBG) sensors have shown their potential to provide better-quality monitoring than 
what electrical sensors can do. However, with respect to many parameters such as 
sensitivity and measurement range, FBG sensors are far behind electrical ones and 
not able to meet the requirements of many applications, which require the 
improvements of FBG sensors.  
FBG is inherently sensitive to temperature and strain change. By modulating its 
strain, various FBG sensors have been developed. However, it is found herein that 
there is only one prominent method of making these sensors. It is by fixing the two 
ends of an FBG and changing the distance between the two ends according to the 
environmental input. This only method can hardly be ideal for all applications. There 
may be other methods with distinct advantages.    
A new method, which is more sensitive to force, is proposed herein by keeping 
the distance the same but applying a transverse force at the middle of an FBG to 
bend it. It is theoretically proved and experimentally verified that a lightly stretched 
string is more sensitive to the transverse force than axial force. This method can be 
used to make more sensitive FBG inclinometers and accelerometers at the same 
inertial mass and reduce the number of FBGs needed for biaxial force monitoring.  
Based on the new method, 3 different FBG accelerometers using transverse 
forces have been developed. The first one has been developed by hanging an inertial 
object on an FBG but not fixing the inertial object on the FBG. Because the inertial 
object can slide along the FBG, its cross-axial sensitivity can be very low. The 
second one has been developed by inscribing two FBGs in one optical fiber and 
fixing an inertial object at the middle of the two FBGs. It can simultaneously 
measure accelerations in the axial and transverse directions, which used to require 4 
FBGs. The third FBG accelerometer has been developed by axially connecting an 
FBG with a rotatable stick, which has a significantly higher resonant frequency and 
similar sensitivity at the same size in comparing with the above two FBG 
accelerometers, whose inertial objects are at the middle.          
 vi  
 
Spring-mass theory for accelerometers has been reviewed and applied to 
explain the experimental results. But it failed, as its assumption that the tension of 
the string changes little during the vibration was not satisfied. It has been modified: 
the static sensitivity is achieved based on force rather than displacement, while the 
resonant frequency is achieved based on an experimentally-achieved linear 
relationship. The modified spring-mass theory has been experimentally verified. 
In conclusion, this research has found a new method to make FBG sensors, 
which directly increases the sensitivities of FBG force sensors and reduces the 
number of FBGs required for biaxial force monitoring. Also, the case-independent 
string transverse-force amplifier and modified spring-mass theory, unexpectedly 
revealed in this research, may have applications in other fields.  
  
  vii 
Publications during the candidature  
Journal Papers: 
1. K. Li*, M. H. Yau, T. H. T. Chan, D. P. Thambiratnam and H. Y. Tam, Fiber 
Bragg Grating Strain Modulation Based on Nonlinear String Transverse-Force 
Amplifier, Optics Letters 38 (3), 311-313, 2013.  
 
2. K. Li*, T. H. T. Chan, M. H. Yau, T. Nguyen, D. P. Thambiratnam and H. Y. 
Tam, Very sensitive fiber Bragg grating accelerometer using transverse forces 
with an easy over-range protection and low cross axial sensitivity, Applied 
Optics, 52 (25), 6401-6410, 2013.  
 
3. K. Li*, T. H. T. Chan, M. H. Yau, D. P. Thambiratnam and H. Y. Tam, 
Experimental verification of the modified spring-mass theory of fiber Bragg 
grating accelerometers using transverse forces, Applied Optics, 53 (6), 1200-
1211, 2014.   
 
4. K. Li*, T. H. T. Chan, M. H. Yau, D. P. Thambiratnam and H. Y. Tam, Biaxial 
fiber Bragg grating accelerometer using axial and transverse forces, Photonics 
Technology letters, IEEE Photonics Technology Letters, 26 (15), 1549-1552, 
2014.  
 
5. K. Li*, T. H. T. Chan, M. H. Yau, D. P. Thambiratnam and H. Y. Tam, Fiber 
Bragg grating accelerometer based on a transversely rotating stick, Under 
Review  
 
6. K. Li*, T. H. T. Chan, M. H. Yau, D. P. Thambiratnam and H. Y. Tam, 
Optimum amplification condition for nonlinear string transverse-force 
amplifier with a small pre-strain, Under Review 
 
 
*Corresponding author  
 viii  
Table of Contents 
Acknowledgements .................................................................................................................................. i 
Statement of Original Authorship ......................................................................................................... iii 
Keywords ............................................................................................................................................... iv 
Abstract ................................................................................................................................................... v 
Publications during the candidature ...................................................................................................... vii 
Table of Contents ................................................................................................................................ viii 
List of Figures ......................................................................................................................................... x 
CHAPTER 1: INTRODUCTION ....................................................................................................... 1 
1.1 Research Problem Investigated .................................................................................................... 1 
1.2 Overall objectives ........................................................................................................................ 3 
1.3 Specific aims of the study and outcomes ..................................................................................... 3 
1.4 Research progress linking the research papers............................................................................. 4 
1.5 Detailed contributions of each paper ........................................................................................... 7 
CHAPTER 2: A REVIEW OF FBG SENSORS .............................................................................. 13 
2.1 Working Principle of FBG ......................................................................................................... 13 
2.2 High sensitivity temperature measurement ................................................................................ 15 
2.2.1 Large Coefficient of Thermal Expansion (CTE) base bonding method ......................... 15 
2.2.2 Initial bimetal method ..................................................................................................... 15 
2.2.3 Bimetal method with adjustable measurement range ..................................................... 16 
2.2.4 Bimetal method for low temperature monitoring ........................................................... 17 
2.2.5 Bimetal temperature-compensation method ................................................................... 18 
2.3 Strain/displacement measurement ............................................................................................. 18 
2.3.1 Simultaneous monitoring of strain and temperature ....................................................... 18 
2.3.2 Automatic temperature compensation by using one FBG .............................................. 19 
2.3.3 Strain monitoring by unevenly changing the strain of an FBG ...................................... 19 
2.4 FBG Inclinometers ..................................................................................................................... 20 
2.4.1 Inclinometers based on even strain change of the FBG .................................................. 20 
2.4.2 Inclinometers based on uneven strain change of the FBG .............................................. 22 
2.5 FBG accelerometers ................................................................................................................... 22 
2.5.1 FBG accelerometers based on throughout attaching ...................................................... 23 
2.5.2 FBG accelerometers based on direct axial forces ........................................................... 23 
2.6 FBG Pressure sensors ................................................................................................................ 25 
2.7 FBG magnetic field sensors ....................................................................................................... 25 
2.8 Summary .................................................................................................................................... 26 
CHAPTER 3: FBG STRAIN MODULATION BASED ON NONLINEAR STRING 
TRANSVERSE-FORCE AMPLIFIER ............................................................................................. 29 
CHAPTER 4: VERY SENSITIVE FBG ACCELEROMETER USING TRANSVERSE 
FORCES WITH AN EASY OVER-RANGE PROTECTION AND LOW CROSS AXIAL 
SENSITIVITY ..................................................................................................................................... 41 
CHAPTER 5: EXPERIMENTAL VERIFICATION OF THE MODIFIED SPRING-MASS 
THEORY OF FBG ACCELEROMETERS USING TRANSVERSE FORCES ........................... 53 
  ix 
CHAPTER 6: BIAXIAL FIBER BRAGG GRATING ACCELEROMETER USING AXIAL 
AND TRANSVERSE FORCES ......................................................................................................... 67 
CHAPTER 7: FIBER BRAGG GRATING ACCELEROMETER BASED ON A 
TRANSVERSELY ROTATING STICK .......................................................................................... 75 
CHAPTER 8: OPTIMUM AMPLIFICATION CONDITION FOR NONLINEAR STRING 
TRANSVERSE-FORCE AMPLIFIER WITH A SMALL PRE-STRAIN .................................... 87 
CHAPTER 9: CONCLUSIONS ........................................................................................................ 95 
APPENDICES ..................................................................................................................................... 99 
Notes on 2010 ERA Ranks ........................................................................................................ 99 
Published version: Fiber Bragg Grating Strain Modulation Based on Nonlinear String 
Transverse-Force Amplifier, Optics Letters 38 (3), 311-313 (2013). ........................... 100 
Publications before the candidature ......................................................................................... 103 
REFERENCES .................................................................................................................................. 104 
 x  
List of Figures 
Fig.1.1 Conventional electrical sensor with its associated electronics [3] .............................................. 1 
Fig.1.2 Diagram of multiplexing FBG sensors for quasi-distributed monitoring ................................... 2 
Fig.1.3  Connections between the published papers ............................................................................... 5 
Fig.2.1 Working principle of an FBG ................................................................................................... 14 
Fig.2.2 Large CTE material bonding method for temperature measurement [44] ................................ 15 
Fig.2.3 Bimetal method [46] ................................................................................................................. 16 
Fig.2.4 Bimetal method with adjustable measurement range [51] ........................................................ 17 
Fig.2.5 Bimetal method for low temperature monitoring [50] .............................................................. 17 
Fig.2.6 Simultaneous temperature and strain monitoring [57] .............................................................. 18 
Fig.2.7 Strain monitoring by one FBG with automatic temperature compensation [61] ...................... 19 
Fig.2.8 Strain monitoring by a chirped FBG [55] ................................................................................. 20 
Fig.2.9 Uniaxial inclinometer [64] ........................................................................................................ 21 
Fig.2.10 Top view of the planar biaxial inclinometer [65] .................................................................... 21 
Fig.2.11 FBG accelerometer based on throughout attaching [79] ......................................................... 23 
Fig.2.12 Uniaxial FBG accelerometer [72] ........................................................................................... 23 
Fig.2.13 Triaxial FBG accelerometer [78] ............................................................................................ 24 
Fig.2.14 Categorization of FBG sensors according to how the strain of the FBG is changed .............. 27 
 
  1 
Chapter 1: Introduction 
1.1 RESEARCH PROBLEM INVESTIGATED 
Electrical sensors have been used to monitor temperature, strain/displacement, 
inclination, acceleration, pressure, etc, and play an important role in reducing the 
failure and consequent economic losses resulting from the collapse of civil structures 
caused by earthquakes, landslides, derailments and collisions of trains, etc [1, 2]. 
However, electrical sensors have many limitations. Fig.1.1 shows a conventional 
electrical sensor with its associated electronics [3]. It requires the electronics to 
capture the environmental input and convert it to an adequately strong electrical 
signal, which can overcome the environmental noise to be correctly transferred back. 
It also requires copper wires to supply the power to the electronics and a return bus 
to transfer the processed information back.  
 
Fig.1.1 Conventional electrical sensor with its associated electronics [3]      
 
In 1978, the first FBG was reported [4, 5]. In 1993, a commercially practical 
method to manufacture FBG was invented [6]. When an optical fiber is illuminated 
by a laser through a phase mask, its refractive index will be changed periodically to 
form Bragg grating. Since then, FBG has been extensively investigated because of its 
intrinsic advantages, such as frequency modulation, ease of multiplexing, and strong 
immunity to electromagnetic interference [7, 8]. “Frequency Modulation (FM) is the 
encoding of information in a carrier wave by varying the instantaneous frequency of 
the wave” [9]. FBG is inherently sensitive to temperature and strain change. By 
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changing its strain according to the environmental input, various FBG sensors have 
been developed, which will be discussed in detail in the next Chapter.  
Fig.1.2 shows the diagram of multiplexing FBG sensors for distributed 
monitoring. Many FBG sensors can be serially connected together by a single optical 
fiber used widely for the internet, and they do not require supporting electronics, 
copper wires, and return bus. They are distinguished from each other by the resonant 
wavelengths of their Bragg gratings. The light at the resonant wavelength of a Bragg 
grating is reflected back along the fiber, and the light not at that wavelength is 
transmitted forward. For example, when a broadband light goes through FBG1, 
FBG2 and FBG3, the red, brown and blue lights are reflected, respectively. These 
reflected lights go through a 3dB coupler to the interrogator. The tiny change (1pm, 
10-12m) of a resonant wavelength can be distinguished by a commercially available 
interrogator valued around $10000 [10]. The power of a light reduces to half when it 
goes through a 3dB coupler, because the light is equally split into two paths.  
 
Fig.1.2 Diagram of multiplexing FBG sensors for quasi-distributed monitoring 
 
It is important to improve the overall performance of FBG sensors. Although 
the advantages of FBG sensors are significant, current FBG sensors can hardly 
compete with the electrical ones with respect to many parameters such as sensitivity 
and measurement range. For example, FBG and electrical temperature sensors were 
used for geothermal monitoring. The typical resolution of the electrical ones was 
0.0001°C, whereas that of the FBG ones was only 0.0036°C [11]. If the parameters 
of FBG sensors could be improved to the level of electrical ones, the inherent 
advantages of FBG would improve the quality of monitoring.  
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1.2 OVERALL OBJECTIVES 
This research investigates the possibility of improving the overall parameters 
of FBG sensors (i.e. sensitivity, size and the number of FBGs required) by changing 
the FBG strain modulation. The improvements of FBG sensors will improve the 
quality of monitoring and reduce the accidental losses.    
The FBG strain modulation means that how the strain of an FBG is changed 
according to the environmental input. For example, for FBG accelerometers, the 
strain of an FBG should be changed by some mechanics according to its 
environmental acceleration. In other words, the strain of the FBG is modulated.  
The connections between different FBG sensors in terms of how the strain of 
an FBG is modulated need to be further investigated. Although many FBG sensors 
have been developed, the connections between different FBG sensors, especially 
different types of FBG sensors (i.e. FBG pressure sensors and FBG accelerometers), 
have not been fully studied. 
This research examines FBG sensors, finds their connections, and provides a 
new method to make FBG sensors, which directly improves the sensitivities of FBG 
force sensors and reduces the number of FBGs required for biaxial force monitoring.  
 
1.3 SPECIFIC AIMS OF THE STUDY AND OUTCOMES 
This research focuses on the three aspects as presented below. 
a) Examine the various FBG sensors, and categorize and evaluate the methods 
of making these sensors.  
Outcomes: Various FBG sensors have been examined, and their 
manufacturing methods categorized and evaluated. The most effective 
manufacturing method is identified, whereas other methods are either 
obsolete or with evident side effects.   
b) Develop novel manufacturing methods which can better suit certain 
applications, theoretically prove and experimentally verify the proposed 
methods.  
Outcomes: A new manufacturing method that is more sensitive to 
force is proposed, theoretically proved, and experimentally verified. 
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Therefore, FBG force sensors can be more sensitive. This method can also be 
used to make other FBG sensors (temperature, strain, pressure, etc), although 
the advantages have not been distinguished in this research so far. 
Unexpected outcome: A case-independent simple machine, the 
nonlinear string transverse-force amplifier, has been revealed for the first 
time, as far as we know. The amplification relationship involved would be 
hard to verify without the use of an FBG.  
c) Develop FBG accelerometers based on the proposed methods and 
demonstrate their advantages over others.  
Outcomes: Based on the proposed applying-transverse-force method 
(the string transverse-force amplifier), 3 different FBG accelerometers have 
been developed which are more sensitive than FBG accelerometers based on 
the conventional applying-axial-force method at the same inertial mass. 
Besides, the first one has an easy over-range protection and low cross-axial 
sensitivity.  The second one reduces the number of FBGs required for biaxial 
acceleration monitoring. The third one has a significantly higher resonant 
frequency and similar sensitivity at the same size in comparison with the 
above two FBG accelerometers, whose inertial objects are at the middle.  
Unexpected outcome: The modified spring-mass theory is proposed 
and verified. When the classic spring-mass theory applies to a string, there is 
an assumption that the tension of the string is a constant. In the present 
experiments, this assumption was not satisfied. As a result, its predictions 
disagree with the experimental results. It is modified, and the modified 
spring-mass theory has been verified. 
 
1.4 RESEARCH PROGRESS LINKING THE RESEARCH PAPERS  
Fig.1.3 shows the connections between the 6 papers produced in this research. 
Paper 1 examines current FBG sensors, and finds that only one effective 
manufacturing method exists, and then proposes another method, which is more 
sensitive to force. Papers 2-5 are all based on this method but with different foci, 
whereas Paper 6 continues and complements the theory on the nonlinear string 
transverse-force amplifier proposed in Paper 1.  
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Fig.1.3  Connections between the published papers 
 
By hanging an inertial object on an FBG, Paper 2 demonstrates an FBG 
accelerometer using transverse forces with an easy over-range protection and low 
cross axial sensitivity. Unexpectedly, Paper 2 also proposes a modified spring-mass 
theory, as the spring-mass theory failed to explain the experimental results. However, 
the modified theory still requires experimental verification, due to the limitations in 
the experiments in Paper 2, such as the (a) friction between the inertial object and 
shell, (b) errors involved in estimating the time domain records, (c) limited data, and 
(d) large interval ̱5Hz between the tested frequencies in the frequency response 
experiments. 
Paper 3 verifies the modified theory by overcoming those limitations. (a) The 
friction is eliminated by removing the shell, (b) the errors are significantly reduced 
by eliminating the influences of other frequencies by using Fast Fourier Transform 
(FFT) to transfer the data from time domain to frequency domain, (c) more data has 
Paper 1 
examines current FBG sensors, and finds that 
only one prominent manufacturing method 
exists, and then proposes and demonstrates 
another method which is more sensitive to force. 
Paper 2 
demonstrates an FBG 
accelerometer with an easy 
over-rang protection and low 
cross-axial sensitivity, and 
modifies the spring-mass 
theory when explaining the 
experimental results.  
Paper 3 
verifies the modified spring-mass 
theory proposed in Paper 2, and 
reveals more details of its 
characteristics. 
Paper 4 
demonstrates a biaxial FBG accelerometer, 
finds the theoretical sensitivity in the axial 
direction, and compares the sensitivity and 
resonant frequency in the axial and 
transverse directions.  
Paper 5 
demonstrates an FBG 
accelerometer to solve 
the problem of low 
resonant frequency 
found in Paper 4.  
Paper 6 
demonstrates the 
optimum condition of 
string transverse-force 
amplifier with a small 
pre-strain. 
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been generated by using specifically designed equipment, and (d) the interval is 
reduced from ̱5Hz to ̱3Hz. Paper 3 also reveals more properties of the modified 
spring-mass theory, such as its accuracy and the optimal condition for 
simultaneously achieving high sensitivity and resonant frequency.     
Based on the initial idea of biaxial force monitoring proposed in Paper 1 and 
modified theory proposed in Paper 2 and verified in Paper 3, Paper 4 demonstrates 
the first biaxial force monitoring by two FBGs along one axis, and compares the 
sensitivities and resonant frequencies in the axial and transverse directions induced 
by the same inertial object. The comparison shows that FBG accelerometers using 
transverse forces have high sensitivity but low resonant frequency.  To keep the high 
sensitivity and increase the low resonant frequency of an FBG accelerometer using 
transverse forces, its size should be reduced. However, it is hard to reduce its size 
when the inertial object is placed at the middle of the FBG. 
To increase the low resonant frequency found in Paper 4, Paper 5 proposes an 
FBG accelerometer using transverse forces, but its inertial object is not placed at the 
middle of the FBG. Instead, its inertial object, a rotatable stick, is serially connected 
with the FBG. At the same size with an FBG accelerometer with an inertial object at 
the middle of the FBG, such as those in Papers 2-4, the FBG accelerometer proposed 
here can have a similar sensitivity but significantly higher resonant frequency.  
Papers 1-4 show that there might be an optimum condition for achieving the 
maximum amplification for a string transverse-force amplifier with a small pre-
strain, and Paper 6 determines this. Paper 1 found that the amplification, 
theoretically, is infinite when the pre-strain is 0. However, in the experiments in 
Papers 2-4, the FBGs were pre-stretched a little to ensure that they were straight, and 
the amplifications changed with the transverse forces, which suggests that one 
transverse force might be amplified most under a given pre-strain of a string. Paper 6 
theoretically determines the transverse force being amplified most by following the 
theoretical work in Paper 1, and experimentally verifies it by using the experimental 
results in Paper 1 and Paper 3.    
More detailed information about the connections between the papers is 
presented in the individual papers.  
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1.5 DETAILED CONTRIBUTIONS OF EACH PAPER 
Paper 1: Fiber Bragg Grating Strain Modulation Based on Nonlinear String 
Transverse-Force Amplifier 
Firstly, the current FBG sensors are categorized. It is found that dominant FBG 
sensors are based on just one method in which the two ends of an FBG are fixed and 
the distance between them is changed according to the environmental input. Other 
methods are either obsolete or with evident side effects.  
Secondly, a new method is proposed by keeping the distance the same, but 
applying a transverse force to curve the FBG.  This method can be used to 
manufacture more sensitive FBG inclinometers and accelerometers at the same 
inertial mass and reduce the number of FBGs needed for biaxial force monitoring.   
Thirdly, based on a virtual experiment, the nonlinear amplification relationship, 
between a transverse force applied to a lightly stretched string and its induced axial 
force along the string, is theoretically proved, which provides the theoretical basis for 
the method proposed. Numerical simulations have been carried out, which show that 
(1) the ideal applied position is at the middle of the string, (2) the influence of the 
applied position on the amplification is very mild, and (3) the influence of the pre-
stretch of the string on the amplification is significant.   
Fourthly, because the virtual experiment is impossible to be conducted, a 
slightly different experiment has been conducted, which agrees with the numerical 
simulations and has experimentally verified the theory. The reason why this slightly 
different experiment can verify the theory is explained. The reason why the theory is 
built based on the virtual experiment rather than real experiment is because it is 
easier to come up with the theory based on the virtual experiment.  
 The nonlinear string-amplifier revealed here is a simple machine, just as levers 
and pulleys, and may have other applications.  
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Paper 2:  Very sensitive fiber Bragg grating accelerometer using transverse forces 
with an easy over-range protection and low cross axial sensitivity 
Firstly, based on the method proposed in Paper 1, we have designed and 
experimentally demonstrated a compact and sensitive FBG accelerometer using 
transverse forces. It is more sensitive than an FBG accelerometer using axial forces 
at the same inertial mass because a scarcely stretched FBG is more sensitive to the 
transverse force than axial force.   
Secondly, because over-range protection and low cross-axial sensitivity play 
important roles in the practical applications of an accelerometer, we have designed 
and experimentally validated the over-range protection and low cross-axial 
sensitivity for the FBG accelerometer. To achieve the over-range protection, we have 
theoretically found the relationship between the transverse displacement at the 
middle of the FBG and the resonant wavelength shift, and used this relationship to 
guide the design of the physical dimensions. The experimental results of the over-
range protection agree with the theoretical prediction. The low cross-axial sensitivity 
is based on the idea that it is not necessary to fix the inertial object on the FBG in 
order to apply a transverse force. The inertial object embraces the FBG, but is not 
fixed on the FBG. When there is an axial acceleration, the inertial object slides along 
the FBG and hardly applies any force on the FBG. When there is a transverse 
acceleration, the inertial object pulls the FBG away from equilibrium.  
Thirdly, we have modified spring-mass theory because it failed to explain the 
experimental results, and explained the reason for this failure. This failure occurred 
as the assumption that the axial force changes little during the vibration was not 
satisfied.  The modified spring-mass theory explained the experimental results better. 
The modified theory can be used in guiding the design of the sensor by predicting its 
static sensitivity and resonant frequency, and may have applications in other fields 
for the scenario where the spring-mass theory fails. 
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Paper 3: Experimental verification of the modified spring-mass theory of fiber Bragg 
grating accelerometers using transverse forces 
The modified spring-mass theory proposed in Paper 2 is verified and enriched 
here. Although the modified theory was proposed in Paper 2, many related things 
were still unclear.   
a) The optimal condition for simultaneously achieving high sensitivity and 
resonant frequency was unclear, although it was known that the optimal condition for 
achieving the highest sensitivity is at the infinitesimal pre-stretch of the FBG, and 
that as the pre-stretch increases the resonant frequency first decreases and then 
increases. It was uncertain whether the infinitesimal or large pre-stretch was the 
optimal condition for simultaneously achieving high sensitivity and resonant 
frequency. The resonant frequency at large pre-stretch is higher than that at the 
infinitesimal pre-stretch. On the other hand, the sensitivity at the large pre-stretch is 
lower than that at the infinitesimal pre-stretch. But how severe the sensitivity at the 
large pre-stretch reduces was unknown. Here, it is found that the sensitivity at the 
large pre-stretch is too low for it to be the optimal, and therefore the infinitesimal 
pre-stretch is the optimal condition.  
b) Its accuracy in predicting the static sensitivity was unclear. The sensitivities 
experimentally achieved at 10Hz were 1.333 and 0.634nm/g, while the 
corresponding static sensitivities predicted by the modified theory were 1.188 and 
0.784nm/g, and the percentage errors were 12.21% and 19.13%, respectively. Here, 
the percentage errors for the five cases presented are 3.20%, 4.39%, 6.02%, 4.92% 
and 6.90%, respectively. This shows that it is quite accurate.  
c) The assumption that the resonant frequency in the forced vibration is very 
close to that in the free vibration could not be verified due to the friction. Here, we 
have verified it by removing the shell to eliminate the friction.  
d) It was unknown that how the distance between the fixed ends of the FBG 
influences the divergence of the resonant frequency. Here, it is found that the 
distance does not have evident influence.  
The modified theory proposed in Paper 2 is verified and enriched by more 
detailed experiments here, and can be used more confidently in guiding the design of 
the FBG accelerometers.  
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Paper 4: Biaxial fiber Bragg grating accelerometer using axial and transverse forces 
We have demonstrated the first biaxial force monitoring by using two FBGs 
along one axis. The difference between the resonant wavelengths of the two FBGs 
can distinguish force in the axial direction, while being insensitive in the transverse 
direction. The average of the resonant wavelengths of the two FBGs can distinguish 
force in the transverse direction, while being insensitive in the axial direction. To 
experimentally verify it, we have designed and assembled an FBG accelerometer, 
conducted the experiments, and analyzed the data. 
The theoretical static sensitivity of such an FBG accelerometer in the axial 
direction in terms of the resonant wavelength shift is found for the first time, to the 
best of our knowledge. Although FBG accelerometers using axial forces have been 
reported, the theoretical static sensitivity in terms of the resonant wavelength shift 
has not been reported, while it is important in predicting the sensitivity and guiding 
its design. The theoretical static crest-to-trough sensitivity of the difference in the 
axial direction is ʹ͸ǤͲ͸ͺ כ ݉ܽݏݏ (unit: nm/g), which is experimentally verified by 
using a 0.00176kg mass.  
 We have compared the sensitivities and resonant frequencies induced by the 
same inertial object in the axial and transverse directions. The theoretical crest-to-
trough static sensitivity and resonant frequency in the transverse direction were 25 
and 1/33 times those in the axial direction, whereas the experimental results were 24 
and 1/26, respectively. It validates that FBG accelerometers using transverse forces 
are more sensitive than those using axial forces at the same inertial mass, but at the 
cost of reducing the resonant frequency.  
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Paper 5: Fiber Bragg grating accelerometer based on a transversely rotating stick  
In Paper 4, the sensitivities and resonant frequencies of an FBG accelerometer 
using the axial and transverse forces with the same inertial object were compared: the 
sensitivity and resonant frequency of the FBG accelerometer using the transverse 
forces were 24 and 1/26 times those of that using the axial forces, respectively. To 
keep the high sensitivity and increase the low resonant frequency of an FBG 
accelerometer using transverse forces, its size should be reduced. However, it is hard 
to reduce its size when the inertial object is placed at the middle of the FBG.   
This paper proposes an FBG accelerometer using transverse forces but its 
inertial object is not placed at the middle of the FBG. Instead, its inertial object, a 
rotatable stick, is serially connected with the FBG. At the same size with an FBG 
accelerometer with an inertial object at the middle of the FBG, such as those in 
Papers 2-4, the FBG accelerometer proposed here can have a similar sensitivity but 
significantly higher resonant frequency. This is probably because that the distance 
between the two ends of the FBG is significantly reduced, although the size of the 
FBG accelerometer (the sum of the lengths of the FBG and stick) is still the same.        
The sensitivity at 6Hz 1.29nm/g and resonant frequency 26Hz were achieved 
when the length of the FBG accelerometer was 50mm in Paper 3. Here, the 
sensitivity at 5Hz 1.24nm/g and resonant frequency 43Hz were achieved when the 
length of the FBG accelerometer proposed in this paper was 77.5mm. These two 
FBG accelerometers had similar sensitivities, but the resonant frequency of the FBG 
accelerometer here was 65% higher. The FBG accelerometer here has a larger size, 
77.5mm in length. If its length were 50mm as well, its resonant frequency would be 
even higher.     
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Paper 6: Optimum amplification condition for nonlinear string transverse-force 
amplifier with a small pre-strain  
Theoretically, the amplification of the string transverse-force amplifier is 
infinite for an infinitesimal force at zero pre-strain, as discussed in Paper 1. 
Practically, to ensure that the string is straight, the string is often pre-stretched a little 
before a transverse force is applied. However, the optimum amplification condition 
under a given small pre-stretch is still unclear. Here, based on an approximation, we 
theoretically prove that the maximum amplification occurs when the strain induced 
by the transverse force equals the pre-strain, and predict the maximum amplification 
and corresponding transverse force.  
Numerical simulations without the approximation have been carried out for 
three pre-strains up to 0.001553, and compared with the predictions based on the 
approximation. The largest error of the predicted maximum amplifications is 
0.1167%. The largest deviation of the induced strains corresponding to the maximum 
amplifications in the simulations from the pre-strains is 0.47%.  
Experimental results acquired previously in Paper 1 and Paper 3 are reused, 
which agrees with the simulations and has verified the theory proposed here. The 
revelation of the optimum amplification condition significantly improves the 
understanding of the FBG force sensors using transverse forces.   
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Chapter 2: A review of FBG sensors 
FBG sensors have many inherent advantages over conventional electrical 
sensors, such as frequency modulation, immunity to electromagnetic interference, 
non-conductivity, resistance to corrosion, and their inherent ability to serve as both 
sensing elements and signal transmission medium [7, 8, 12, 13]. These advantages 
are ideal for many applications such as structural health monitoring [14-17], medical 
applications [18-22], and seismic monitoring [11, 23-25], especially for the 
applications where strong electromagnetic interference exists or non-conductivity is 
essential, such as nuclear reactors[26-28] and hydrogen tanks [29, 30]. FBG sensors 
have been successfully commercialized in many structural health monitoring 
applications, being an emerging substitute for electrical ones [31-35].   
This review focuses on how the strain of an FBG is modulated in various FBG 
sensors, whereas comprehensive reviews on optical fiber sensors [36, 37] and fiber 
Bragg gratings [38] are available.  
 
2.1 WORKING PRINCIPLE OF FBG 
The working principle of FBG is shown in Fig.2.1. Bragg gratings are formed 
on the core of a single mode fiber by periodically changing its refractive index. 
When a broadband light goes through a FBG, light at a certain wavelength will be 
reflected while all the others will go through. There are other types of fiber gratings 
reported, such as long period fiber grating [39, 40] and tilted fiber Bragg grating [41, 
42], but they are not the focus of this research. 
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Fig.2.1 Working principle of an FBG  
 
The reflected light’s central wavelength (resonant wavelength) is [8]: 
ߣ ൌ ʹ݊ୣ୤୤Ȧ                                                        (2.1) 
where ݊ୣ୤୤  is the effective reflective index of the fiber core and Ʌ is the grating 
period.  
 When the strain ߝ changes [43],  
οߣ ൌ ߣሺͳ െ ߩሻοߝ                      (2.2) 
ߩ is the stress-optic coefficient.   
When temperature T changes,  
οɉ ൌ ɉ ቀ ୢ୬౛౜౜
୬౛౜౜ୢ୘
൅ Ƚቁ ο                             (2.3) 
Ƚ  is the coefficient of the thermal expansion of optical fiber and equals 
ͲǤͷͷ כ ͳͲି଺ for silica fibers; ப୬౛౜౜
୬౛౜౜ ப୘
 is the thermally induced refractive index change, 
being around ͺǤ͵ כ ͳͲି଺ for the common Germania doped silica core [44].  
When monitoring environmental information (measurands) other than 
temperature, it is usually easier to modulate the strain of an FBG (changing the strain 
according to the measurand) than to modulate its temperature. By modulating the 
strain of an FBG, the environmental change can be reflected by the resonant 
wavelength shift. Its strain has been modulated for increasing temperature sensitivity 
  15 
[45-52], filtering  communication signals [53, 54], and monitoring 
strain/displacement [55-63], inclination [64-70], acceleration [23, 24, 71-81], 
pressure [82-89], magnetic field [90-97], and rotation [98]. 
 
2.2 HIGH SENSITIVITY TEMPERATURE MEASUREMENT  
As discussed above, when temperature changes, the resonant wavelength will 
change accordingly. But this inherent temperature sensitivity is too low for many 
applications, only about 10pm/Ԩ. It cannot distinguish temperature change below 
0.1Ԩ, assuming an ordinary interrogator with an accuracy of 1pm is used. Much 
work has been done to improve the temperature sensitivity by modulating the strain 
of an FBG according to temperature.    
 
2.2.1 Large Coefficient of Thermal Expansion (CTE) base bonding method 
In order to increase its temperature sensitivity, an FBG was initially bonded to 
a base with a large Coefficient of Thermal Expansion (CTE), as shown in Fig.2.2 
[45, 46]. When temperature changes, the strain of the FBG will change as much as 
that of the large CTE base. So the FBG becomes more sensitive to temperature.  
 
Fig.2.2 Large CTE base bonding method [45] 
 
2.2.2 Initial bimetal method 
However, the sensitivity achieved in the above method is limited by the CTE of 
the base. Bimetal method was introduced to overcome this limitation, as shown in 
Fig.2.3 [47]. Assume that the length of the low CTE stick is L, and the distance 
between the fixed ends of the FBG is d. When temperature changes, the length-
change of the large CTE base will be transferred to the FBG. To roughly estimate the 
strain change of the FBG, the temperature-induced, tiny length-change of the low 
CTE stick can be ignored. So the strain change of the FBG is (1+L/d) times that of 
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the base. The strain change of the FBG is no longer solely determined by the CTE of 
the base, and ambient temperature sensitivity can be achieved.   
 
Fig.2.3 Bimetal method [47] 
 
2.2.3 Bimetal method with adjustable measurement range  
To make full use of the limited range of the strain change of an FBG to achieve 
the highest sensitivity possible for high temperature monitoring, the FBG in Fig.2.3 
should be relaxed at room temperature. As temperature increases, it starts to be 
stretched at the low-limit of its measurement range and fully stretched at the up-limit 
[52]. Fig.2.4 shows the mechanics for achieving this function. The low CTE stick has 
a slot thereon. By adjusting the position of this stick, the FBG can be pre-relaxed for 
a certain length so that it starts to be stretched at the low limit. With proper design of 
its sensitivity, the strain of an FBG can be fully used.  
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Fig.2.4 Bimetal method with adjustable measurement range [52] 
 
2.2.4 Bimetal method for low temperature monitoring 
However, only the large CTE base bonding method was used for monitoring 
cryogenic temperature [48-50], because the initial bimetal method relaxes the FBG 
as temperature goes down rather than stretching it. A bimetal FBG sensor with 
negative temperature coefficient was demonstrated to achieve ambient sensitivity at 
low temperature by exchanging the positions of the bimetals, as shown in Fig.2.5 
[51]. When temperature goes down, the FBG will be stretched, and ambient 
sensitivity can be achieved. 
 
Fig.2.5 Bimetal method for low temperature monitoring [51] 
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2.2.5 Bimetal temperature-compensation method  
In order to eliminate the influence of temperature, the strain of an FBG can be 
changed to compensate its inherent temperature sensitivity. By using the above 
mentioned bimetal methods to effectively make the temperature coefficient zero, 
temperature-independent devices can be achieved [53, 54, 65, 83]. They are like 
bimetal temperature sensors but with zero sensitivity [51]. 
 
2.3 STRAIN/DISPLACEMENT MEASUREMENT 
In strain/displacement measurement, as both the strain and temperature are 
quasi-static in many applications, the strain has to be distinguished.  
 
2.3.1 Simultaneous monitoring of strain and temperature 
One extensively investigated method has been to monitor both strain and 
temperature and then eliminate the influence of the temperature to determine the 
strain, which usually requires two FBGs [57, 59]. Fig.2.6 shows one of such 
examples. The FBG2 is glued throughout on the measured object, whereas the FBG1 
is not. Therefore, when the strain of the measured object changes, only FBG2 will 
respond; when temperature changes, both of them will respond. Based on the 
temperature information from FBG1, the temperature influence on the FBG2 can be 
obtained. After eliminating the temperature response from the results of the FBG 2, 
the strain of the measured object will be obtained.    
 
Fig.2.6 Simultaneous temperature and strain monitoring [58] 
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2.3.2 Automatic temperature compensation by using one FBG  
Temperature can also be compensated by the temperature induced length 
change of a stick connected to the FBG, so that only one FBG is needed [62]. Fig.2.7 
shows the principle.  A tensioned FBG is fixed between a stick and the measured 
object. When only temperature changes, the temperature-induced length-change of 
the stick can keep the resonant wavelength unchanged. Therefore, the shift of the 
resonance wavelength of the FBG only represents the strain change of the measured 
object. When the measured strain changes, the stick doesn’t change in length but the 
FBG does. So the strain change of the FBG is (1+L/d) times that of the measured 
object. Unlike the bimetal temperature-compensation method, the temperature 
compensation here is only based on the stick.  
 
Fig.2.7 Automatic temperature compensation by using one FBG [62] 
  
2.3.3 Strain monitoring by unevenly changing the strain of an FBG 
By unevenly changing the strain of an FBG, the strain of an measured object 
can also be distinguished by the power of the reflected spectrum, which is immune to 
temperature [56]. Fig.2.8 shows one example. The fiber is tapped. When a force is 
applied to the FBG, the strain will be distributed unevenly along the FBG, resulting 
in the increase of the bandwidth of the reflected spectral response. This bandwidth 
increase is only influenced by strain, while temperature only introduces wavelength 
shift. However, this method loses the advantage of frequency modulation (no longer 
based on wavelength/frequency). FBG strain sensors based on this method are 
subject to noise produced by effects such as curves in the fiber.  
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Fig.2.8 Strain monitoring by a chirped FBG [56] 
 
2.4 FBG INCLINOMETERS 
FBG inclinometers have been developed by converting a tilted degree to the 
even or uneven strain change of an FBG. By connecting an inertial object with an 
FBG, the strain of FBG can be changed when the inclinometer is tilted. FBG 
inclinometers have been a useful tool in structural health monitoring [99, 100]. 
 
2.4.1 Inclinometers based on even strain change of the FBG 
Fig. 2.9 shows a FBG inclinometer by fixing an inertial object directly on an 
FBG [65]. If there is a tilted degree Ʌ as shown, the inertial object will exert a force 
to extend the FBG, so the resonant wavelength of the FBG can represent the tilted 
degree. Temperature compensation can be achieved in a similar way by the bimetal 
method used for the filter [53, 54].  
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Fig.2.9 Uniaxial inclinometer [65] 
 
Fig.2.10 shows a planar biaxial inclinometer [66]. When there is an inclination, 
the resonant wavelength of the four FBGs will change. The difference between the 
resonant wavelengths of the two FBGs along one axis can be used to determine the 
inclination in that direction. The difference is immune to temperature, because the 
temperature influences the two FBGs equally and the difference between them 
eliminates the influence.  
 
Fig.2.10 Top view of the planar biaxial inclinometer [66] 
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2.4.2 Inclinometers based on uneven strain change of the FBG 
Since an inclinometer is based on the strain change of an FBG, the method of 
unevenly changing the strain of an FBG shown in Fig.2.8 can be adapted to monitor 
inclination, for example, the inclinometer in Ref. [64]. As discussed above in Fig.2.8, 
this method relies on the reflected power rather than wavelength, being vulnerable to 
noise such as that caused by the curving of the fiber.  
 
2.5 FBG ACCELEROMETERS 
Accelerometers are an important tool in many fields [101]. For example, the 
detection of structural damage has been demonstrated by using accelerometers [102-
104]. 
The spring-mass theory is commonly used to guide the design of an 
accelerometer by predicting its static sensitivity and resonant frequency [105, 106]. 
The sensitivity of an accelerometer changes when it is forced to vibrate at different 
frequencies. This is unfavourable, but inevitable. During a certain frequency range, 
the change of the sensitivity is small enough for certain applications so that it can be 
viewed as a constant. This rather-constant frequency range is determined by the 
resonant frequency of the accelerometer. It was calculated that the static sensitivity 
changes less than 5%, 10% and 30%, when the vibration frequency is no greater than 
21.82178%, 30.15113% and 48.03844% of the resonant frequency, respectively [71, 
107]. The higher the resonant frequency, the wider the rather-constant frequency 
range. The static sensitivity usually determines the accuracy of an accelerometer, 
while the resonant frequency determines the measurement frequency range. 
However, there is a trade-off between the static sensitivity and resonant frequency: 
the higher the resonant frequency, the lower the static sensitivity [71, 105]. The 
situation can be improved a little by introducing proper damping [77, 105].  
FBG accelerometers have been developed by using an inertial object to change 
the strain of an FBG according to the environmental acceleration.  
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2.5.1 FBG accelerometers based on throughout attaching 
Fig.2.11 shows the first demonstration of FBG accelerometer[80]. In case of a 
vertical acceleration, the mass will move up and down. As a result, the strain of the 
FBG is changed periodically. Similar as the large CTE material attaching method 
used for high sensitivity temperature monitoring, this accelerometer cannot fully use 
the mass to exert large strain change of the FBG. 
 
Fig.2.11 FBG accelerometer based on throughout attaching [80] 
 
2.5.2 FBG accelerometers based on direct axial forces 
Fig.2.12 shows a lateral, uniaxial FBG accelerometer, which can transfer the 
movement of the inertial object into the displacement of the FBGs [73, 78]. When 
the inertial object moves up and down, the lengths and resonant wavelengths of the 
two FBGs will be changed. The difference between the resonant wavelengths can 
determine the acceleration, while not being influenced by temperature. The biaxial 
FBG accelerometer has also been reported based on a similar structure [74].  
 
Fig.2.12 Uniaxial FBG accelerometer [73] 
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 24  
 
Fig.2.13 shows a triaxial FBG accelerometer, which use 6 FBGs for three 
orthogonal directions [79]. The difference between the resonant wavelengths of the 
two FBGs along one axis can represent the acceleration in the direction and is 
immune to temperature, similar as the inclinometers in Fig.2.10. 
 
Fig.2.13 Triaxial FBG accelerometer [79] 
 
It is vital to improve the sensitivity of FBG accelerometer to suit the 
applications in seismic monitoring and space mission. Accelerometers with high 
sensitivities are important in seismic monitoring and space projects. In a recent 
comparison of 9 gravimeters from 3 countries, the max difference was ʹǤͺ כ ͳͲିଽg, 
while the standard deviation was ͳǤ͸ כ ͳͲିଽg [108]. Similar results have also been 
reported [109-111]. In space missions, the resolution of ͳͲିଵସg is common [112], 
whereas the resolution of ͳͲିଵଽg had been under development [113]. By contrast, 
the accuracy and resolution of FBG accelerometer are too low. The highest 
sensitivity of the FBG sensors reported is about 2.6nm/g [114]. As the accuracy of 
interrogation of FBG resonant wavelength is about 1pm [10], the corresponding 
resolution is about 0.0004g/pm, and the accuracy must be no better than 0.0004g. 
This is far below that of the electrical accelerometers mentioned above in seismic 
monitoring and space missions.  
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Inertial 
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  25 
2.6 FBG PRESSURE SENSORS 
When an FBG is exposed to a pressure, its strain will be changed. Therefore, 
the distance between gratings will change, and the reflective wavelength will shift. 
The relationship between the pressure applied to a fiber and its induced strain change 
is [115]: 
ȟߝ ൌ െܲሺͳ െ ʹݒሻȀܧ                                  (2.4), 
where ܲ, ݒ and  ܧ are the pressure applied, Poisson ratio and Young’s modulus of 
the fiber, respectively. However, the pressure sensitivity in this way is too low, only 
3.14pm/MPa [43]. The sensitivity has been improved by embedding FBG into 
polymers (60pm/MPa [85]).  
Highly sensitive FBG pressures sensors have been developed by fixing the two 
ends of an FBG and changing the axial distance between the ends. The early report is 
by using a glass bubble. The wavelength shifted about 0.4nm in 14MPa, which is 
equivalent to  28.6pm/MPa [86]. By converting the length change of different 
materials in various structures, higher sensitivity has been achieved (5.277nm/MPa 
[87] and 33.876nm/MPa [84]). As an practical application, an FBG microphone has 
been reported [89]. Temperature influence can be compensated by using the bimetal 
method [83] or by using the difference between the resonant wavelengths of two 
FBGs along one axis [82].   
Also, by unevenly changing the strain of an FBG, temperature influence can be 
eliminated, but this method loses the advantages of frequency modulation [88]. 
 
2.7 FBG MAGNETIC FIELD SENSORS 
By using a magnetostrictive material to change the strain of an FBG according 
to the magnetic field, many FBG magnetic field sensors have been developed [90-97]. 
It was early reported in Ref.[116]. The resolution of 2mA was achieved [117]. 
Temperature can be compensated by using a reference FBG [91, 92]. To reduce the 
size, the cladding of the FBG has been partially removed, and the magnetostrictive 
material is then coated [90, 94, 96].  
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2.8 SUMMARY  
The literature review shows that different FBG sensors have been developed by 
various methods. However, with respect to how the strain of an FBG is changed, the 
connections between different FBG sensors have not been explicitly presented. This 
literature review finds the connections and categorizes the FBG sensors.  
Fig.2.14 categorizes these methods based on how the strain of an FBG is 
changed. According to whether an FBG is stretched evenly or unevenly, it is divided 
into two categories.  
In the first category, the strain of an FBG is changed evenly. There are two 
subcategories in the first category. The first subcategory is the throughout attaching 
method, which includes the large CTE base bonding method, the simultaneous 
temperature and strain monitoring method, the FBG accelerometers based on 
throughout attaching, the FBG polymer pressure sensors and the FBG magnetic field 
sensors. The drawback of this method is that the strain of an FBG can only be 
changed very limitedly, which limits the sensitivity of the FBG sensors. The second 
subcategory is the method of fixing the two ends of an FBG and changing the 
distance between them, which includes all the bimetal methods, the automatic 
temperature-compensation method, the FBG inclinometers based on the even strain 
change, the FBG accelerometers based on direct axial forces, and the highly sensitive 
FBG pressure sensors. This “fixing the two ends” method can change the strain of an 
FBG arbitrarily, and is the most effective method of making these sensors.  
In the second category, the strain of an FBG is changed unevenly. In this case, 
what changes along with the environmental input is no longer the resonant 
wavelength but the power of the reflected light. FBG sensors based on this method, 
for example the method of strain monitoring by a chirped FBG, lose the intrinsic 
advantages of frequency modulation and are subject to noise produced by effects 
such as curves in the fiber, although they are immune to temperature.  
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Fig.2.14 Categorization of FBG sensors according to how the strain of the FBG is changed 
 
The connections found in this literature review are that there is only one 
prominent method of making these sensors. It is by fixing the two ends of an FBG 
and changing the distance between the two ends according to the environmental 
input. Other methods are either obsolete or with evident side effects. 
Is this method ideal for all the applications? Are there other methods that are 
more suitable for some of these applications?  
This research finds a new method that is more sensitivity to force. See Chapter 
3 (Paper 1) and Chapter 8 (Paper 6).  
3 FBG accelerometers have been developed based on this method, which have 
different advantages. 
The 1st FBG accelerometer has an easy over-range protection and low cross 
axial sensitivity, and the modified spring-mass theory is proposed here, Chapter 4 
(Paper 2), but verified in Chapter 5 (Paper 3). 
The 2nd one reduces the number of FBGs required for biaxial force 
monitoring.  See Chapter 6 (Paper 4). 
The 3rd one increases the low resonant frequency and keeps the high 
sensitivity. See Chapter 7 (Paper 5). 
 
   
Evenly 
 
Unevenly 
Drawback: not being frequency modulation  
Throughout attaching 
Drawback: limited tunability 
Fixing its two ends and changing their axial distance 
Advantage: large tunability FBG strain 
modulation 
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Chapter 3: FBG strain modulation based on 
nonlinear string transverse-force 
amplifier 
K. Li*, M. H. Yau, T. H. T. Chan, D. Thambiratnam and H. Y. Tam, Fiber 
Bragg Grating Strain Modulation Based on Nonlinear String Transverse-Force 
Amplifier, Optics Letters 38 (3), 311-313 (2013).  
 
A long version is presented in this Chapter. The published version can be found 
at the Appendices of this thesis.  
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Abstract: The only effective method of Fiber Bragg Grating (FBG) strain modulation 
has been by changing the distance between its two fixed ends. We demonstrate an 
alternative that is more sensitive to force based on the nonlinear amplification 
relationship between a transverse force applied to a stretched string and its induced 
axial force. It may improve the sensitivity and size of an FBG force sensor, reduce the 
number of FBGs needed for multi-axial force monitoring, and control the resonant 
frequency of an FBG accelerometer. It may also have possible surface applications. 
 
         
1. Introduction 
Fiber Bragg Grating (FBG) is inherently sensitive to strain and temperature by 
changing its resonant wavelength [1, 2]. With intrinsic advantages of frequency 
modulation, ease of multiplexing and strong immunity to electromagnetic interference, 
FBG strain-modulated equipments are well suited for many fields such as structural 
health monitoring [3, 4], seismic monitoring [5, 6] and telecommunication [7, 8].  
         
However, the only effective method to modulate FBG’s strain evenly has been by 
changing the distance between its fixed ends [7-15]. The method was early proposed 
[7] and demonstrated [8] to compensate FBG inherent temperature sensitivity for a 
wavelength filter by using bimetallic strain change with temperature. Different 
temperature sensitivities have also been achieved based on the similar theories [10-
12]. Besides converting the strain or displacement of the bonded object of an FBG, 
the method has also been used to directly convert forces to the strain change of a 
stretched FBG [13-15]. Other methods, however, are either obsolete or with evident 
side effects. For example, by epoxying an FBG throughout to a surface and bending 
the surface to modulate its strain unevenly [16, 17] can eliminate temperature 
influence by changing the reflected power instead of the resonant wavelength, but no 
longer being frequency modulation.     
         
Alternatively, applying a transverse force to a stretched FBG can modulate its strain 
evenly and more efficiently in terms of the force needed to induce the same strain 
change because it can induce a stronger axial force along the FBG and therefore a 
larger strain change.   
         
2. Theory 
Fig.1 shows the mechanism of the amplification. A vertically moving rod with a 
round, frictionless top, pulls a horizontally stretched string fixed by its two ends from 
point C to point C’. Assume that the distance between the two points CC’ is y, and the 
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angles formed are α and β. Because there is no friction at the point C’, the string can 
move freely from one side to the other side there, and the magnitudes of the axial 
forces and strains are the same between the two sides.         
 
Fig.4.3.1 Transverse force applied to a stretched string. Left inset is the force diagram 
of the point C’ of the string; Right inset is force diagram of the rod. 
 
In the vertical direction of the point C’ of the string, 
                                                     (1),  
where   ,   ,    ,  ,   ,   and   are the vertical projection of    (the force applied by 
the rod), original axial force, induced axial force by   , pre-strain, induced strain, 
cross-sectional area and Young’s modulus of the string, respectively;      
                                                                 (2), 
                                                           (3), 
                                     (4),
 where   is the distance between the two fixed ends of the string and x is the distance 
between the point C and one end of the string.   
                                              (5), 
 and the amplification of the transverse force    is 
                                                  (6). 
          
When the transverse is applied at the middle (  = 0.5 ), 
                                              (7), 
                              
                   (8). 
When     , equations (7) and (8) can be approximately represented as below and 
the errors are less than 0.75%.   
                 
                                   (9), 
            
                                           (10). 
The errors of changing equation (7) to equation (9) when       are: 
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Similarly, the errors of changing equation (8) to equation (10) are also less than 
0.75%. 
 
When     ,  
           
                
                     (11). 
When     ,  
           
                     
                 (12). 
         
FBG’s resonant wavelength shift induced by its strain change is 
                                            (13), 
where   is the original resonant wavelength and    is the photo-elastic constant.   
         
Theoretically, 0.1N transverse force applied at the middle of a scarcely stretched FBG 
will induce 1.03N axial force according to equation (12) and 1.47nm resonant 
wavelength shift according to equation (13), taking typical values of FBG for    
846.76N (                          ),    0.22 and   1550nm. Because the 
resonant wavelength shift is 10.3 times larger than that 0.1N axial force induces, the 
FBG is 10.3 times more sensitive to 0.1N transverse force and the sensitivity of such 
an FBG force sensor is improved as many times as the amplification of the transverse 
force.  
         
The optimum for the largest amplification is that the pre-strain is negligible and the 
transverse force is the smallest as indicated by equation (12), and the applied position 
is at the middle because of the symmetry of this problem and the results shown in 
Fig.4. Theoretically, the amplification is infinite for an infinitesimal force at zero pre-
strain. It might be significant in reducing the sizes of the cumbersome strain sensors 
for detecting extremely low signals such as gravitational waves[18] because FBG’s 
strain can also be measured to a high accuracy [19]. The amplification becomes less 
evident and finally an increasing diminishment as    increases.  
         
In its horizontal direction,  
                                                  (14), 
where     is the horizontal projection of   . When   and   are small, 
         
                          
                                           (15), 
The closer to the middle the applied position, the smaller    . For example, when   = 
0.65  and 1% more strain change has been induced than that at its horizontal state, y = 
0.06769   according to equation (4),      =                      = 0.995, 
    = 0.982 and    = 0.013        . 64.7% (                 = 0.6535 ) of 
the string is at the left and 35.3% (0.3565 ) at the right. 0.3% (0.0030 ) has moved 
from the left to the right.      
         
4 
3. Experiments 
The Bragg gratings used in the experiments were manufactured on bending 
insensitive fibers (Silibend G.657.B, Silitec Fibers Ltd.) by using phase masks,  6mm 
in length,  0.2nm of 3dB bandwidth, and  90% of reflectivity. A wavelength 
interrogator (SM130, Micronoptics Ltd.) based on fabry-perot cavity with a 
repeatability of 1pm and an electrical mass scale with a resolution of 0.01g were used.     
         
Fig.2 shows three experimental setups, in which the free-state resonant wavelength of 
the only FBG used was  1535.57nm at room temperature. In the axial-force-
wavelength experiment, an object was glued at one end of the FBG far from the Bragg 
grating, and the other end was lifted by hand.  More weights were hung on the object 
to test its response.  In the strain-wavelength experiment, the two ends of the FBG 
were epoxied on the two pillars of a horizontal stretching stage with a resolution of 
0.01mm. The position of one pillar was adjustable by screws. The distance between 
the two fixed ends of the FBG was 99.75mm at its initial stretching position, 
measured by a digital vernier caliper with a resolution of 0.01mm. Different 
displacements of the adjustable pillar were given by tuning the screw to test its 
response. Fig.3 shows the results of these two experiments, from which    
                           and                              .    
 
 
Fig. 2 Setups of the axial-force-wavelength (a), strain-wavelength (b) and transverse-
force wavelength (c) experiments 
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Fig.3 Axial-force-wavelength and strain-wavelength responses of the FBG used in the 
experiments 
         
Its transverse-force-wavelength response was tested at        and 0.35   with 
different pre-stretches ( 0.05,  0.6,  1.2 and  1.8nm resonant wavelength shifts 
from its free-state), by using the above stretching stage to hold and pre-stretch the 
FBG as shown in Fig.2(c). Different transverse forces were applied by hanging a 
basket weighted  0.1N on the FBG and putting four objects weighted  0.15N each 
into the basket one by one to test its response. The applied positions were measured 
by the above digital vernier caliper, and the experiment was repeated 3 times.  
         
Viewing the basket and string as a whole, in the horizontal and vertical directions, we 
have  
                     
         
                                   (16), 
                                                       (17), 
where       and        are the axial forces of the left and right sides, respectively. 
Although this setup is slightly different to Fig.1, equations (1) - (13) still applicable 
because              and the strains of the two sides are still almost the same. 
Theoretically, when   = 0.65  and 1% more strain change induced, because the string 
cannot move at the applied position and the length ratio of the two sides cannot 
change, unlike that in Fig.1, the basket will move to the right for a distance  0.003  
to make             .                                     and 
     0.982.        
 
The experimental results are shown in Fig.4, in which the transverse forces are 
compared with their induced axial forces by converting the observed resonant 
wavelength shifts to the axial force changes based on               shown in 
Fig.3. The theoretical predictions were calculated based on equations (1) - (5) by 
designating an increasing y. The experimental results were slightly lower than the 
theoretical ones, which probably stemmed from the tiny tilt and displacement of the 
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adjustable pillar where one end of the FBG was fixed. The applied positions were 
between the Bragg grating and interrogator, and the powers of the resonant waves 
fluctuated within 2% during the experiment, but showing no dependence on the 
transverse forces.   
 
(a)  
 
(b) 
Fig.4 Amplification of the transverse forces applied to an FBG at the middle (0.5L) (a) 
and 0.35L (b) with different pre-stretches 
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0.10 and 0.68N transverse forces applied at the middle (0.5L) were amplified 9.60 and 
5.05 times on average with  0.05nm pre-stretch (pre-strain: 
                   0.00004), while only being amplified 3.15 and 3.84 times 
on average with  1.8nm pre-stretch, respectively. When they were applied at 0.35L, 
the above figures changed to 9.33 and 4.91 times with  0.05nm pre-stretch and 3.01 
and 3.70 times with  1.8nm pre-stretch, respectively. This shows that the pre-strain 
has a very strong influence on the nonlinear amplification, while the applied position 
does not. Therefore, the nonlinear results of such equipments are easier to process if 
their pre-strains are negligibly small.  
         
The number of FBGs needed for multi-axial force measurement may be reduced. For 
example, the biaxial inclinometer [13] may be achieved by two FBGs instead of four. 
A surface supporting the inertial mass is necessary for applying the biaxial forces 
according to inclinations. The axial inclinations were distinguished by the 
differentials between the resonant wavelengths of the two FBGs, while the transverse 
inclinations may now be calculated based on equation (7) by the resonant wavelength 
shifts of either of the two FBGs.    
 
The resonant frequency of such an FBG accelerometer can be controlled by changing 
its pre-strain, the length between its fixed ends, or the mass of its inertial object. We 
will report this elsewhere.    
 
4. Possible surface applications 
This amplification may have possible surface applications where the displacement of 
the surface is small and every point of the surface approximately only moves 
perpendicularly to the original flat surface. The main difference between a surface and 
a string here is the cross-sectional area.  
 
Fig.5 shows the diagram of a small transverse force applied at the center of a round, 
flat surface. Assume that the angle formed is  , so the transverse force to a ring   
away from the center is   
                                                           
                             
                                                                          (18), 
where   is the thickness of the stretched surface, and for simplicity reason, the 
definitions for the string are still used here as if the stretched surface were a special 
string. Equation (18) shows the relationship between the transverse force and its 
induced strain. A surface will break when the total strain (    ) exceeds the limit of 
the surface. For a given   , the smaller  , the larger   . This agrees with the 
commonsense that a sharp object can pierce a surface easier than a blunt object, 
because   for the sharp object is smaller.  
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Fig.5 Diagram of a small force applied at the center of a surface 
 
Fig.6 shows a small pressure applied on a surface. Assume that the pressure on the 
surface is  , so the transverse force to a ring,   away from the center and with a angle 
  formed by its tangent and the original flat surface, is  
     
                                     
                 
                                                       (19). 
                                                             (20), 
                                                       (21). 
Equation (21) shows the strategy to achieve a large    at the same  ----the smaller  , 
the larger   .   
 
 
Fig.6 Diagram of a small pressure applied on a surface 
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5. Conclusion 
We theoretically proved that applying a transverse force to a stretched string can 
induce a stronger axial force and, in the case of a stretched FBG, a larger resonant 
wavelength shift. In the experiments, the FBG’s resonant wavelength responses to 
axial and transverse forces were tested and compared, which validated the theoretical 
predictions. Some advantages of this strain modulation method and possible surface 
applications were also discussed. 
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The first fiber Bragg grating (FBG) accelerometer using direct transverse forces is demonstrated by fix-
ing the FBG by its two ends and placing a transversely moving inertial object at its middle. It is very
sensitive because a lightly stretched FBG is more sensitive to transverse forces than axial forces. Its
resonant frequency and static sensitivity are analyzed by the classic spring-mass theory, assuming
the axial force changes little. The experiments show that the theory can be modified for cases where
the assumption does not hold. The resonant frequency can be modified by a linear relationship exper-
imentally achieved, and the static sensitivity by an alternative method proposed. The principles of the
over-range protection and low cross axial sensitivity are achieved by limiting the movement of the FBG
and were validated experimentally. The sensitivities 1.333 and 0.634 nm∕g were experimentally
achieved by 5.29 and 2.83 gram inertial objects at 10 Hz from 0.1 to 0.4 g (g  9.8 × m∕s2), respectively,
and their resonant frequencies were around 25 Hz. Their theoretical static sensitivities and resonant
frequencies found by the modifications are 1.188 nm∕g and 26.81 Hz for the 5.29 gram one and
0.784 nm∕g and 29.04 Hz for the 2.83 gram one, respectively. © 2013 Optical Society of America
OCIS codes: (060.3735) Fiber Bragg gratings; (060.2370) Fiber optics sensors.
http://dx.doi.org/10.1364/AO.52.006401
1. Introduction
Fiber Bragg grating (FBG) sensors are well suited for
many fields such as structural health monitoring
[1,2] and seismic monitoring [3,4] because of their in-
trinsic advantages of frequency modulation, ease of
multiplexing, and strong immunity to electromag-
netic interference [5]. FBG is inherently sensitive to
strain and temperature. Modulating its strain can
measure acceleration [3–17], strain and displace-
ment [18,19], inclination [20,21], temperature
[22,23], and so on. We demonstrated that its strain is
more sensitive to transverse forces than axial forces
[24]. Here we demonstrate a very sensitive FBG
accelerometer using transverse forces with an easy
over-range protection and low cross axial sensitivity.
The theory of accelerometers is briefly reviewed,
and the resonant frequency, static sensitivity, and
over-range protection of this FBG accelerometer are
analyzed. Two FBG accelerometers were manufac-
tured, and their designs enable them to be insensitive
to the other two orthogonal directions. They were
tested at 0.1–0.4 g and 5–35 Hz. Because their exper-
imental resonant frequencies disagree with their
theoretical ones, another investigation experiment
was carried out. A linear relationship was found to
modify the theoretical resonant frequency. Because
their experimental static sensitivities disagree with
their theoretical ones, an alternative method for
1559-128X/13/256401-10$15.00/0
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calculating the theoretical static sensitivity was pro-
posed. The over-range protection and low cross axial
sensitivity were experimentally validated.
Over-range protection is very important for accel-
erometers and usually determines its commercializa-
tion [25]. With a high sensitivity and easy over-range
protection, this FBG accelerometer has the potential
to be commercialized.
2. Theory
In an undamped, free-vibrated spring-mass system
as shown in Fig. 1(a),
F  ma  md
2x
dt2
; (1)
F  −kx; (2)
where F,m, a, x, t, and k are the net force applied on
the inertial object, its mass, acceleration, displace-
ment from equilibrium, time, and the spring
constant, respectively.
From Eqs. (1) and (2),
d2x
dt2
 k
m
x  0; (3)
x  cos

k∕m
p
t  cos ω0t  cos 2πf 0t; (4)
whereω0 and f 0 are its resonant frequency in radians
per second and hertz, respectively.
In an undamped forced system as shown in
Fig. 1(b), assume that its displacement z 
z0 cos ωt, where z0 and ω are its amplitude and
angular frequency. So,
F  ma  md
2x
dt2
 −kx − z  −kx − z0 cos ωt;
d2x
dt2
 k
m
x  k
m
z0 cos ωt →
d2x
dt2
 ω20x  ω20z0 cos ωt:
(5)
Substituting its steady-state solution x  x0 cos ωt
into Eq. (5), its amplitude is
x0 
ω20
ω20 − ω
2 z0: (6)
The acceleration of the inertial object (measured) is
a  d
2x
dt2
 −x0ω2 cos ωt: (7)
The acceleration of the system (measurand) is
a0  d
2z
dt2
 −z0ω2 cos ωt: (8)
So,
a
a0
 ω
2
0
ω20 − ω
2 : (9)
Figure 2 further illustrates this relationship, which is
achieved by a numerical simulation method as below.
First,ω∕ω0 is assignedas0.001, and its corresponding
a∕a0 is found by Eq. (9). Second, ω∕ω0 is increased by
0.001 each time, and its corresponding a∕a0 is found.
Finally, they are plotted together. The measured ac-
celeration is the same as the measurand at static
(0 Hz), but the measured will have an increasing sys-
tematic error as the frequency increases from 0 Hz to
its resonant frequency. Industrially, the measure-
ment ranges with 5%, 10%, and 3 dB errors
are usually given as below ∼20%, ∼30%, and ∼50%
of the resonant frequency [26]. Therefore, the reso-
nant frequency of an accelerometer determines its
measurement frequency rangewith a rather constant
sensitivity. The higher its resonant frequency, the
wider its measurement frequency range.
From Eq. (5), its static sensitivity in terms of the
relative displacement between its inertial object and
shell, being the change in its spring length from that
at equilibrium, is




x − z
a



 
m
K
 1
ω20
: (10)
(a) (b)
Fig. 1. Diagrams of an undamped (a) free-vibrated and (b) forced
spring-mass system.
Fig. 2. Systematic errors of the measured acceleration at differ-
ent frequencies.
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The higher its resonant frequency, the lower its
sensitivity. So there is a trade-off between its meas-
urement frequency range and sensitivity. Accelerom-
eters with high sensitivities are important in seismic
monitoring [3] and space projects [27]. The measure-
ment frequency range can be widen a little by intro-
ducing proper damping [17,28].
Figure 3 shows the principle of the proposed accel-
erometer. Assume that an inertial object was hung in
the middle of a string with a length L, and the axial
force at equilibrium Fe changes little. Assume that
the displacement due to gravity is y, while y  0 if
there is no gravity in the measured direction.
In an undamped free-vibrated system as shown in
Fig. 3(a),
ma  −2Fe
x y
L∕2
mg  −4Fe
x
L
: (11)
Its resonant frequency is
f 0 

Fe∕mL
p
∕π: (12)
In an undamped forced system as shown in Fig. 3(b),
ma  −2Fe
x − z y
L∕2
mg  −4Fe
x − z
L
: (13)
Substituting its steady-state solution x  x0 cos ωt
into Eq. (13), its amplitude is still ω20∕ω20 − ω2z0.
So Eq. (9) and Fig. 2 still apply.
Its static sensitivity in terms of the relative dis-
placement, being the change in the transverse deflec-
tion of its FBG from that at equilibrium, is still 1∕ω20.
The transverse deflection and strain change of the
FBG have a simple triangular relationship. Figure 4
shows this relationship by the ratio of the trans-
verse deflection to the length (RTDL) between the
FBG’s fixed ends, which is y x∕L in Fig. 3(a)
and y x − z∕L in Fig. 3(b). It is achieved by the
         (a) 
         (b) 
x-z 
y z 
x 
FBG 
at equilibrium  
FixedFixed y 
at time t 
x 
FBG 
L 
Fig. 3. Diagrams of the proposed FBG accelerometer in un-
damped (a) free and (b) forced vibrations.
Fig. 4. Relationship between an FBG’s resonant wavelength
shift/strain change and the transverse deflection at its middle.
Fig. 5. Design and experimental setup of the proposed FBG
accelerometer.
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numerical simulation method used for Fig. 2. The
resonant wavelength shift is converted by using
the experimental results (Δλ  1159.02Δε) [24]. In
this way, its sensitivity in terms of its resonant wave-
length shift can be found.
Over-range protection can be achieved by limiting
RTDL to confine the FBG’s strain change. An FBG
may break when its strain change is much larger
than 0.005, which corresponds to ∼5% in RTDL
and 6 nm in its resonant wavelength shift.
3. Experiments and Discussion
Figure 5 shows the design and experimental setup of
the proposed FBG accelerometer. The transverse
grooves are 21 mm in length, which confines a
Φ15 mm cylinder with a Φ1 mm hole at its center
to only move transversely to the FBG. Also, this ac-
celerometer is nonsensitive to the other two orthogo-
nal directions, because (1) the cylinder is confined by
the grooves and shells and (2) the movements of the
cylinder in the other two orthogonal directions are
about 0.2 mm and will scarcely pull the FBG because
the FBG is in theΦ1 mm hole of the cylinder. For the
position accuracy between the base and cover, two
rims were used. Two FBG accelerometers with the
same size (L  50 mm), but different inertial masses
(5.29 and 2.83 gram) were made and tested. Their
Bragg gratings were manufactured on bending in-
sensitive fibers (Silibend G.657.B, Silitec Fibers
Ltd.) by using phase masks, ∼10 mm in length,
∼2 nm of 3 dB bandwidth, and ∼90% of reflectivity.
The FBG of the 5.29 gram one (free-state wave-
length: 1541.05 nm) were prestretched 0.03 nm in
terms of its resonant wavelength shift, while that
Fig. 7. Experimental sensitivities of the 5.29 and 2.83 gram
accelerometers.
Fig. 8. Frequency responses of the 2.83 gram accelerometer after
being lubricated.
(a)
(b)
(c)
Fig. 6. Frequency responses of the (a) 5.29 gram and (b) 2.83 gram
accelerometers, and (c) some of their original records.
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of the 2.83 gram one was stretched 0.1 nm (free state:
1540.40 nm). The ends of the FBGs were fixed by
super glue (Loctite Ltd.). A wavelength interrogator
(SM130, Micronoptics Ltd.) working at 1000 Hz with
a repeatability of 1 pm was used. A calibrated PCB
393B piezo accelerometer working at 1653 Hz with a
sensitivity 10 V∕g and measurement range [−0.5 g,
0.5 g] was used as gauge. Sine waves were generated
by an EZ digital FG-7002C sweep/function generator,
amplified by a Crown CE2000 amplifier, and fed to a
shaker (VG 100-4, Aurora, OH. 44202). The acceler-
ation of the shaker was monitored by a piezo accel-
erometer and tuned to test the FBG accelerometers.
The shaker was only able to provide 0.4 g accelera-
tion starting from near 10 Hz, because the maximum
acceleration that a shaker can provide decreases as
its vibration frequency decreases.
Fig. 9. Comparisons between the accelerations observed by the piezo accelerometer and the lubricated 2.83 gram one.
Fig. 10. Setup of the resonant frequency investigation
experiment.
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Figures 6(a) and 6(b) show their frequency
responses by the estimated averages of the original
records, and also show that the 5.29 gram one was
lightly damped and the 2.83 gram one was over-
damped. Figure 6(c) shows some of their experimen-
tal records. Because the 5.29 gram one was
constituted by gluing two small nuts on a similar
2.83 gram cylinder, their frictions, working as damp-
ing, were similar. However, at the same acceleration,
the force from the 5.29 gram one was nearly twice
that of the other, which resulted in these different
damping results. Figure 7 shows their sensitivities
at 10 Hz, 1.333 nm∕g for the 5.29 gram one and
0.634 nm∕g for the 2.83 gram one.
The 2.83 gram onewas lubricated to reduce the fric-
tion and then tested again. Figure 8 shows its overall
frequency responses. Its sensitivity at 10 Hz changed
little, although the change in damping shows that the
friction reduced. Figure 9 shows the comparisons be-
tween the accelerations observed by this one and the
piezo one, and their positive directions are upward.
Its accelerations were achieved by first converting
its observed wavelengths to the transverse forces
[24] and then deducting the transverse force at equi-
librium from them to find the net forces applied, and
finally dividing by the mass to find its accelerations.
Figures 6(a), 6(b), and 8 show that their experimen-
tal resonant frequencies were around 25 Hz, which
Fig. 11. Time domain records and their FFT at 0.1 nm prestretch, 0.18 gram weight, and two knocks.
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Table 1. Resonant Frequency at the Different Prestretches and Weights of the Inertial Objects
Prestretch
(nm)
Inertial
Object (gram)
Stretch at
Equilibrium (nm)
Theoretical Resonant
Frequency (Hz)
Experimental
(Hz)
Percentage
Error
Ratio of the Stretch by the
Weight to the Total Stretch
0.1 0.18 0.15 25.2 31.5 0.25 0.33
2.54 0.58 13.2 21.6 0.64 0.83
9.51 1.35 10.4 17.4 0.67 0.93
0.69 0.18 0.74 56.0 57.4 0.03 0.07
2.54 0.93 16.7 20.1 0.20 0.26
9.51 1.61 11.4 15.9 0.40 0.57
1.65 0.18 1.67 84.1 85.6 0.02 0.01
2.54 1.73 22.8 23.7 0.04 0.05
9.51 2.16 13.2 15.5 0.18 0.24
2.34 0.18 2.38 100.4 101.5 0.01 0.02
2.54 2.42 26.9 27.2 0.01 0.03
9.51 2.69 14.7 16.2 0.10 0.13
3.26 2.54 3.32 31.6 31.6 0.00 0.02
9.51 3.49 16.7 17 0.02 0.07
Fig. 12. Resonant frequency at the different prestretches of the FBG and weights of the inertial object.
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were evidently higher than the theoretical ones,
15.65 Hz for the 5.29 gram one (0.85 nm stret-
ched at equilibrium, Fe  0.85∕1.33 N from the
experimental results [24], and f 0 

Fe∕mL
p
∕π 
0.85∕1.33∕0.00529  0.05
p
∕3.1416 Hz  15.65 Hz)
and 17.97 Hz for the 2.83 gram
one (0.6 nm stretched at equilibrium,
0.6∕1.33∕0.00283  0.05
p
∕3.1416 Hz  17.97 Hz).
To further investigate it, we used a setup shown in
Fig. 10, which can tune the prestretch of the FBG
(free state: 1540.47 nm) by moving the right-side
metal strips with a slot thereon [22]. The length
between the FBG’s fixed ends was 100 mm. After
applying a prestretch to the FBG, an object was
hung at the center of the FBG. Then, the table
was knocked once to incite the resonant vibration.
Figure 11 shows the time domain records and their
fast Fourier transform (FFT) when the FBG was
prestretched 0.1 nm, a 0.18 gram weight was hung
afterward, and two knocks were given. The overall
records and two of its partials incited by the two
knocks agree well with the resonant frequency. This
method was used to analyze the resonant frequency
of this setup, because the consistency of the reso-
nant frequencies achieved under different knocks
has been excellent throughout this experiment.
Table 1 and Fig. 12 show the resonant frequency
at the different prestretches and weights of the
inertial objects. The percentage error and the ratio
in Table 1 have a linear relationship, as shown in
Fig. 13. The resonant frequency agrees with the
theoretical value well when the stretch by the
weight is negligible. But its deviation from the theo-
retical value increases with the ratio, which should
be because the assumption that the axial force
changes little does not hold there.
Therefore, the theoretical frequencies of the 5.29
and 2.83 gram ones can be modified as 15.65  1
0.85 − 0.03∕0.85  0.7395  26.81 Hz and 17.97
1 0.6− 0.1∕0.6  0.7395  29.04 Hz. The above
knock incitation method was also applied to them,
but their consistencies were not good, probably due
to the frictions. Figure 14 shows the records of the
5.29 gram one under five knocks.
Similarly, their static sensitivities found in the
classic method, 3.530 nm∕g for the 5.29 gram one
and 2.090 nm∕g for the 2.83 gram one, disagree with
the experiments. They are found as below. First, the
RTDLs at equilibrium are found by the inverse func-
tion of the equation in Fig. 4 (y  0.02079x0.50045,
achieved by the numerical simulation method),
1.88% for the 5.29 gram one (0.82 nm stretched by
the weight, 0.02079  0.820.50045  1.88%), and
1.47% for the 2.83 gram one (0.5 nm stretched by
the weight). Second, RTDLs made by 0.001 g are
found by 0.001  9.8  1∕ω20∕L, 0.00203% for the
5.29 gram one and 0.00154% for the 2.83 gram
one. So, at 0.001 g, the RTDL changes from 1.88%
0.00203% to 1.88% − 0.00203% for the 5.29 gram one,
and their corresponding wavelength shifts are found
by the curve fitting equation in Fig. 4. The differen-
tial of the two wavelength shifts corresponds with
Fig. 13. Linear relationship found for modifying the resonant
frequency.
Fig. 14. Inconsistent resonant frequency records of the 5.29 gram
accelerometer by the knock incitation method.
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this acceleration at static. By increasing the assigned
acceleration by 0.001 g each time, their static sensi-
tivities are simulated and shown in Fig. 15.
When the FBG has a dominant stretch by the
weight of the inertial object, the theoretical static sen-
sitivity can be calculated by converting the assigned
acceleration to the transverse force rather than
RTDL. After all, at static, the measured acceleration
of any accelerometer must be the same as the meas-
urand. First, the transverse force at equilibrium is
found, 0.00529  9.8 N for the 5.29 gram one. Second,
at 0.001 g, the force changes from 0.00529  9.8
0.001 Nto0.00529  9.8 − 0.001 N,and their corre-
sponding wavelength shifts are found based on
Fig. 16, which is achieved by a similar numerical sim-
ulationmethod as above [24]. The differential of these
two wavelength shifts corresponds with this acceler-
ation. By increasing the assigned acceleration by
0.001 g each time, its static sensitivity is simulated
and is shown in Fig. 17. To show the influence of
the prestretch on its sensitivity, the sensitivities
are also simulated as if its prestretch were 0 and
0.4 nm. The fact shown in Fig. 17 that they overlap
each other shows that a small prestretch scarcely
influences the acceleration sensitivity, although it
influences the force sensitivity heavily as shown in
Fig. 16.By thismethod, the theoretical static sensitiv-
ities are found as 1.188 nm∕g for the 5.29 gram one
and 0.784 nm∕g for the 2.83 gram one.
To test the over-range protection, the central cylin-
der of the 5.29 gram one was pulled by hands to each
side of its shell three times, and Fig. 18 shows its re-
cords. Then, it was tested at 25 Hz, 5 g by a calibrated
IMI 608A11 accelerometer (sensitivity 0.1 V∕g,
measurement range [−50 g, 50 g], and working
at 1000 Hz), and Fig. 19 shows its records. The maxi-
mum wavelength shift was about 6.2 nm in both,
which agrees with the theoretical value of 6.5 nm,
because the transverse deflection is about
21 − 15∕2 − 1∕2  0.3∕2  2.65 mm (taking
the diameter of the unstripped fiber as 0.3 mm)
and RTDL is 2.65∕50 and corresponds with 6.5 nm
based on Fig. 4.
The cross axial sensitivities of the two FBG accel-
erometers were tested in the other two orthogonal di-
rections at 0.1 g, 5 Hz, and 0.4 g from 10 to 35 Hz.
Fig. 17. Theoretical static sensitivity of the 5.29 gram
accelerometer.
Fig. 18. Over-range protection experiment records of the
5.29 gram accelerometer when its central cylinder was pulled
by hand to each side of its shell three times.
Fig. 19. Over-range protection experiment records of the
5.29 gram accelerometer at 25 Hz, 5 g.
Fig. 16. Relations between an FBG’s resonant wavelength shift
and its subjected transverse force at its different prestretches.
Fig. 15. Theoretical static sensitivities of the 5.29 and 2.83 gram
accelerometers found by the classic method.
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Their resonant wavelength shifts were no more than
0.004 nm.
4. Conclusion
We demonstrate an FBG accelerometer with a high
linear sensitivity, easy over-range protection, and
low cross axial sensitivities by using transverse
forces. The theoretical resonant frequency can be
modified by the linear relationship between the per-
centage error of the resonant frequency and the ratio
of the stretch by theweight of the inertial object to the
total stretch, and the static sensitivity can be calcu-
lated by converting the assigned small, increasing ac-
celeration to the transverse force rather than RTDL.
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A fiber Bragg grating (FBG) accelerometer using transverse forces is more sensitive than one using axial
forces with the same mass of the inertial object, because a barely stretched FBG fixed at its two ends is
much more sensitive to transverse forces than axial ones. The spring-mass theory, with the assumption
that the axial force changes little during the vibration, cannot accurately predict its sensitivity and res-
onant frequency in the gravitational direction because the assumption does not hold due to the fact that
the FBG is barely prestretched. It was modified but still required experimental verification due to the
limitations in the original experiments, such as the (1) friction between the inertial object and shell;
(2) errors involved in estimating the time-domain records; (3) limited data; and (4) large interval
∼5 Hz between the tested frequencies in the frequency-response experiments. The experiments pre-
sented here have verified the modified theory by overcoming those limitations. On the frequency re-
sponses, it is observed that the optimal condition for simultaneously achieving high sensitivity and
resonant frequency is at the infinitesimal prestretch. On the sensitivity at the same frequency, the ex-
perimental sensitivities of the FBG accelerometer with a 5.71 gram inertial object at 6 Hz (1.29, 1.19,
0.88, 0.64, and 0.31 nm∕g at the 0.03, 0.69, 1.41, 1.93, and 3.16 nm prestretches, respectively) agree with
the static sensitivities predicted (1.25, 1.14, 0.83, 0.61, and 0.29 nm∕g, correspondingly). On the resonant
frequency, (1) its assumption that the resonant frequencies in the forced and free vibrations are similar is
experimentally verified; (2) its dependence on the distance between the FBG’s fixed ends is examined,
showing it to be independent; (3) the predictions of the spring-mass theory and modified theory are com-
pared with the experimental results, showing that the modified theory predicts more accurately. The
modified theory can be used more confidently in guiding its design by predicting its static sensitivity
and resonant frequency, andmay have applications in other fields for the scenario where the spring-mass
theory fails. © 2014 Optical Society of America
OCIS codes: (060.3735) Fiber Bragg gratings; (060.2370) Fiber optics sensors.
http://dx.doi.org/10.1364/AO.53.001200
1. Introduction
Fiber Bragg grating (FBG) sensors have inherent ad-
vantages over electronics sensors, such as frequency
modulation, ease of multiplexing, strong immunity to
electromagnetic interference, and nonconductivity.
FBG sensors have been an emerging substitute for
electrical ones in structural health monitoring [1,2].
They are also suitable for tough environment appli-
cations where strong electromagnetic interference
exists [3,4] or at cryogenic temperature [5,6].
1559-128X/14/061200-12$15.00/0
© 2014 Optical Society of America
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Accelerometers can measure the amplitude and
frequency of a vibration, which is important in many
fields [7,8]. FBG accelerometers are based on the
principle that an inertial object applies forces to
change the strain of an FBG according to accelera-
tions [9–17]. At first, an FBG was bonded completely
to a material, and the forces exerted by the inertial
object were used to change the length of the material
[9,10]. When the length of the material changes, the
strain of the FBG changes. However, this complete-
bonding method cannot make full use of the forces to
change the strain of the FBG. For achieving high sen-
sitivity, the inertial object has to be massive, and the
size of the accelerometer is inevitably cumbersome.
To fully use the forces, the inertial object is directly
attached at the middle of an FBG fixed at its two
ends [11,15,17]. An FBG accelerometer using trans-
verse forces is more sensitive than one using axial
forces with the same mass of the inertial object, be-
cause a barely stretched FBG is much more sensitive
to transverse forces than axial forces [18].
The spring-mass theory is commonly used to guide
the design of an accelerometer by predicting its sen-
sitivity and resonant frequency [7,8]. The sensitivity
of an accelerometer changes when it is forced to vi-
brate at different frequencies. This is unfavorable
but inevitable. During a certain frequency range,
the change of the sensitivity is small enough for cer-
tain applications so that it can be viewed as constant.
This rather constant frequency range is determined
by the resonant frequency of the accelerometer. It can
be calculated that the sensitivity changes less than
5%, 10%, and 30%, when the vibration frequency
is no greater than 21.82178%, 30.15113%, and
48.03844% of the resonant frequency, respectively
[17]. The higher the resonant frequency, the wider
the rather constant-frequency range.
However, in the gravitational direction, the spring-
mass theory cannot accurately predict the sensitivity
and resonant frequency of an FBG accelerometer us-
ing transverse forces [17]. The predicted static sensi-
tivities were 3.530 and 2.090 nm∕g for the FBG
accelerometers with 5.29 and 2.83 gram inertial
objects, respectively, while the corresponding exper-
imental results at 10 Hz were 1.333 and 0.634 nm∕g
(g  9.8 m∕s2). The predicted resonant frequencies
for themwere 15.65 and 17.97 Hz, respectively, while
their experimental results were both around 25 Hz.
The spring-mass theory failed to explain the exper-
imental results. This is because the assumption that
the axial force changes little did not hold, due to the
fact that the FBGs of the accelerometers were barely
prestretched for achieving high sensitivity. An FBG
accelerometer using transverse forces is made by
first barely prestretching the FBG fixed at its two
ends. Then an inertial object is placed at the middle
of the FBG. Because the prestretch is little, at equi-
librium, the stretch induced by the weight of the in-
ertial object is much larger than the prestretch. By
assuming that the prestretch is negligible and the ac-
celeration is 0.4 g in the gravitational direction,
the change of the axial force during the vibration
is up to 40% of the axial force at equilibrium; thus
it cannot be neglected.
The spring-mass theory was modified to explain
the experimental results [17]. On the static sensitiv-
ity, it was modified by considering the forces, instead
of the displacements, corresponding to the accelera-
tions. The static sensitivities predicted by the modi-
fied theory were 1.188 nm∕g for 5.29 gram one (the
FBG accelerometer with the 5.29 gram inertial ob-
ject) and 0.784 nm∕g for the 2.83 gram one. They
agreed with the experimental results better than
those predicted by the spring-mass theory.
On the resonant frequency, it was modified by us-
ing an experimentally achieved linear relationship.
It was found in the experiments that the resonant
frequency predicted by the spring-mass theory
(RFPSMT) had a certain relationship with the exper-
imental one. The percentage error of the experimen-
tal one to RFPSMT changed linearly with the ratio of
the stretch induced by the weight of the inertial ob-
ject to the total stretch. New predictions were made
based on this linear relationship, 26.81 Hz for the
5.29 gram one and 29.04 Hz for the 2.83 gram one.
They agreed with the experimental results better
than the predictions of the spring-mass theory.
However, the modified theory required additional
experimental verifications, due to the limitations in
the original experiments, such as the (1) friction be-
tween the inertial object and shell; (2) errors involved
in estimating the crest to trough shifts from the time
domain records of the FBG and piezo accelerometers;
(3) limited data on the sensitivity by using fixed pre-
stretches and on the resonant frequency by using
only a single distance of 100 mm between the FBG’s
fixed ends; and (4) large interval ∼5 Hz between
the tested frequencies in the frequency response
experiments.
This paper aims to verify the modified theory by
overcoming those limitations. Specifically designed
equipment is used to provide more data on the sen-
sitivity with adjustable prestretches and on the res-
onant frequency with two other distances of 50 and
24 mm. The original friction between the inertial ob-
ject and shell is eliminated by removing the shell.
For verifying the modified theory on the sensitiv-
ity, the errors in the estimation are overcome by con-
verting the time-domain records of the FBG and
piezo accelerometers to the frequency-domain spec-
tra by fast Fourier transform (FFT). The amplitudes
in the FFT spectra are read with less than 1% error
by zooming in. The ∼5 Hz interval between the
tested frequencies [17] is reduced to ∼3 Hz here.
On the frequency responses, it is observed that the
optimal condition for simultaneously achieving high
sensitivity and resonant frequency is at the infini-
tesimal prestretch. On the sensitivity at the same
frequency, the experimental sensitivities at 6 Hz
agree with the predicted static sensitivities.
For verifying the modified theory on the resonant
frequency, first the assumption of the modified
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theory that the resonant frequencies in the forced
and free vibrations are similar is experimentally
verified. The resonant frequencies in the forced vi-
brations are achieved by the frequency responses of
the sensitivities, in which the shaker forces the accel-
erometers to vibrate at certain frequencies. The res-
onant frequencies in the free vibration are achieved
by the knock-excitation method [17], in which the ac-
celerometers are free to vibrate at any frequency. The
agreement between them verifies the assumption.
The assumption was tested but not verified in the
original experiments. Due to the friction, the reso-
nant frequency of the 5.29 gram one in the free vibra-
tion was not consistent and could not be obtained. So
the comparison between them could not be carried
out to verify the assumption. Second, its dependence
on the distance between the FBG’s fixed ends is
tested. The linear relationship between the percent-
age error and the stretch ratio, achieved previously
from the 100 mm distance, is similar with those
achieved here from the 50 and 24 mm distances. It
shows that the distance hardly influences the diver-
gence of the resonant frequency from the RFPSMT,
and the modified theory is independent of the dis-
tance. Finally, the predictions of the spring-mass
theory and modified theory are compared with the
resonant frequencies obtained from the frequency re-
sponses of the 5.71 gram one at the five different pre-
stretches, showing that the modified theory predicts
more accurately.
2. Experiments and Discussion
Figure 1 shows the experimental setup. Specifically
designed equipment with two gaps was manufac-
tured. The distances between the gaps can be varied
by rotating the bolt at the further left to move the left
side block axially. Two FBGs were fixed across the
gaps, and the gaps were 50 and 24 mm prior to the
FBGs being stretched. This equipment was fixed on
the top of a shaker by two bolts, and a calibrated
PCB 393B piezo accelerometer (sensitivity 10 V∕g,
measurement range 0.5 g, and sampling frequency
1000 Hz) was fixed on its top. The FBGs were
prestretched by rotating the bolt at the further left,
and then inertial objects were hung at the middle
of the FBGs.
The FBGs were manufactured on bending insensi-
tive fibers (Silibend G.657.B, Silitec Fibers Ltd.) by
using phase masks and hydrogen loading, ∼10 mm
in length, ∼0.2 nm of 3 dB bandwidth, and ∼90% of
reflectivity. The free-state wavelength of the FBG
fixed across the 50mm gap was 1530.07 nm, and that
across the 24 mm gap 1540.28 nm. The ends of FBGs
were fixed by epoxy adhesive (Permatex PermaPoxy
5 Minute General Purpose Epoxy). A wavelength in-
terrogator (SM130, Micronoptics Ltd.) working at
1000 Hz with a repeatability of 1 pm was used. Sine
waves were generated by an EZ digital FG-7002C
sweep/function generator, amplified by a Crown
CE2000 Amplifier, and fed to the shaker (VG 100-4,
Aurora, Ohio. 44202).
A. Experiments on the Sensitivity
In Fig. 1, after the two FBGs were prestretched by
rotating the bolt at the further left, the 5.71 and
3 gram inertial objects were hung at the middle of
the FBGs across the 50 and 24mm gaps, respectively.
1. Sensitivity at Different Frequencies
The frequency responses of their sensitivities, being
their sensitivities at different frequencies, were
tested by varying the amplitude and frequency of
the vibration of the shaker. The vibration frequency
of the shaker was started at about 1 Hz and changed
about 3 Hz each time. At every tested frequency, the
vibration amplitude of the shaker was first changed
randomly to differ from that of the last tested fre-
quency, and then the amplitude was maintained
for about 30 s before moving to the next frequency.
10 s records at every tested frequency were extracted
to carry out the FFT.
Figure 2 shows the time domain records of the FBG
and piezo accelerometers at the different frequencies
when the FBG across the 50 mm gap was 0.36 nm
prestretched and that across the 24 mm gap was
0.16 nm prestretched, and the FFT spectra of their
Fig. 1. Experimental setup. Distances between the fixed ends of the FBGs are 50 and 24 mm.
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10 s extracted records at 1.1 and 2.8 Hz. The pre-
stretchesare in termsof the resonantwavelengthshift
and were noted down manually. After the 5.71 gram
inertial object was hung, the resonant wavelength of
the FBG across the 50 mm gap was 1531.12 nm at
equilibrium.After the3gram inertial objectwashung,
the resonantwavelength of the FBGacross the 24mm
gap was 1540.90 nm at equilibrium. Then data were
automatically recordedat1000HzandshowninFig.2.
The FFT spectra of the two FBGaccelerometers at 1.1
and 2.8 Hz show that the amplitudes of some frequen-
cies other than the input ones were large. These
Fig. 2. Time domain records at the different frequencies when the FBGs across the 50 and 24mm gaps are 0.36 and 0.16 nm prestretched,
respectively. 10 s data at 1.1 and 2.8 Hz are extracted to carry out FFT.
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frequencies were the high-order harmonics of the in-
put frequency around their resonant frequencies.
The sensitivity at a tested frequency was calculated
by only considering the amplitude of the input fre-
quency. By zooming in, the data were read with less
than 1% error from the FFT spectra. The sensitivity
of the FBG accelerometer at every tested frequency
was calculated based on thedata from theFFTspectra
by dividing the wavelength shift by the corresponding
acceleration observed by the piezo accelerometer and
then multiplying the results by 2 to get the crest to
trough sensitivity. For example, the wavelength shift
of the FBG accelerometer with the 50 mm gap was
0.00487 nm at 1.1 Hz, and the corresponding acceler-
ation was 0.00705 g. So its sensitivity at 1.1 Hz is
0.00487∕0.00705  2  1.38 nm∕g. Table 1 shows
the data read from the spectra and sensitivities calcu-
lated. In general, their sensitivities increased as the
input frequency increased until reaching their reso-
nant frequencies, showing the typical frequency-
response shape of an accelerometer [17].
Figure 3 shows the records of their frequency re-
sponses when the FBG across the 50 mm gap was
0.69, 1.11, 1.96, and 3.22 nm prestretched and the
FBG across the 24 mm gap 0.77, 1.54, and 2.73 nm
prestretched. TheFBGacross the 24mmgapwas bro-
kenwhen the FBG across the 50mmgapwas 3.22 nm
prestretched. The sensitivity at every prestretch and
frequency was calculated as above.
Based on the sensitivities at the different frequen-
cies and prestretches achieved from Figs. 2 and 3, the
overall frequency responses at those different pre-
stretches were achieved. Figure 4 shows that when
the prestretch of the FBG across the 50 mm gap
was increased from 0.36 to 1.11 nm, both its sensitiv-
ity and resonant frequency reduced slightly. When
the prestretch was further increased from 1.11 to
3.22 nm, its sensitivity reduced dramatically, altho-
ugh its resonant frequency started to increase evi-
dently. Figure 5 shows the similar results from the
24 mm gap.
This shows that the optimal condition for simulta-
neously achieving high sensitivity and resonant
frequency is that the prestretch is infinitesimal.
Although the resonant frequency at a very large
prestretch can exceed that at the infinitesimal pre-
stretch, it is not favorable as the sensitivity was
significantly lower.
2. Sensitivity at the Same Frequency
For comparing with the static sensitivity predicted
by the modified theory, the FBG accelerometer with
the 5.71 gram inertial object across the 50 mm gap
was tested again at 6 Hz at different accelerations
at the 0.03, 0.69, 1.41, 1.93, and 3.16 nm pre-
stretches. The vibration frequency of the shaker
was fixed at 6 Hz, but the vibration amplitude was
increased randomly to provide different accelera-
tions, and every amplitude was maintained for about
30 s. Figure 6 shows the records of the test. 10 s re-
cords at every tested amplitude and prestretch were
Table 1. Sensitivities of the Two FBG Accelerometers When the FBG Across the 50 mm Gap was 0.36 nm Prestretched and the FBG across the
24 mm Gap 0.16 nm Prestretched
Input Frequency
in the Order of
Appearing (Hz)
Acceleration from
the Piezo
(g, 9.8 m∕s2)
Wavelength Shift
of the 50 mm
One (nm)
Sensitivity of
the 50 mm
One (nm/g)
Wavelength Shift
of the 24 mm
One (nm)
Sensitivity of
the 24 mm
One (nm/g)
1.1 0.00705 0.00487 1.38 0.00309 0.88
2.8 0.108 0.0658 1.22 0.0413 0.76
5 0.325 0.201 1.24 0.125 0.77
7.8 0.0422 0.0277 1.31 0.0165 0.78
10.7 0.067 0.0483 1.44 0.0271 0.81
13.5 0.0912 0.0733 1.61 0.0384 0.84
18.2 0.136 0.158 2.32 0.0635 0.93
21.2 0.15 0.274 3.65 0.0709 0.95
24.7 0.202 0.841 8.33 0.112 1.11
27.7 0.204 0.55 5.39 0.14 1.37
29.8 0.155 0.289 3.73 0.13 1.68
32.2 0.0637 0.0789 2.48 0.0622 1.95
36.4 0.0835 0.0499 1.20 0.117 2.80
40.9 0.0971 0.0345 0.71 0.448 9.23
45 0.0336 0.0107 0.64 0.0803 4.78
47.5 0.0576 0.0148 0.51 0.0725 2.52
52.4 0.0979 0.0362 0.74 0.0746 1.52
56.9 0.101 0.0176 0.35 0.049 0.97
60.4 0.103 0.0152 0.30 0.0385 0.75
65.5 0.104 0.0123 0.24 0.0283 0.54
23.7 0.0349 0.111 6.36 0.0191 1.09
26.1 0.0262 0.45 34.35 0.0153 1.17
28.9 0.0159 0.0417 5.25 0.0121 1.52
31.4 0.0597 0.0855 2.86 0.0551 1.85
43.2 0.0822 0.028 0.68 0.278 6.76
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extracted to carry out the FFT. The wavelength shift
found from the FFT spectrum was multiplied by 2 to
find the crest to trough wavelength shift, which is
plotted against the acceleration observed by the
piezo accelerometer, as shown in Fig. 7. Their trend
lines going through the origin are added, and their
slopes represent the sensitivities at the different pre-
stretches. The sensitivities achieved at 6 Hz were
1.29, 1.19, 0.88, 0.64, and 0.31 nm∕g at the 0.03, 0.69,
1.41, 1.93, and 3.16 nm prestretches, respectively.
By converting the accelerations of the tested points
to the wavelengths based on the slopes, the maxi-
mum errors between the converted wavelengths
and the observed ones are 0.92%, 1.24%, 1.03%,
1.66%, and 2.49%, respectively. By converting the ob-
served wavelengths to the accelerations based on the
slopes, the maximum errors between the converted
accelerations and the observed ones are 0.0012,
0.0016, 0.0016, 0.0017, and 0.0032 g, respectively.
The sensitivity reduced as the prestretch increased,
Fig. 3. Time domain records of the frequency responses when the FBG across the 50 mm gap is 0.69, 1.11, 1.96, and 3.22 nm prestretched,
and the FBG across the 24 mm gap is 0.77, 1.54, and 2.73 nm prestretched.
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in agreement with the results shown in Figs. 4 and 5.
The linearities of the sensitivities were excellent
(R2 ≥ 0.9995).
The corresponding static sensitivities from the
modified theory are calculated. First, the forces cor-
responding to the 5.71 gram inertial object at 0.4 g
are found as 0.0336 and 0.0783 N [5.71  0.001  9.8
1 − 0.4  0.0336, and 5.71 0.001 9.8 1 0.4 
0.0783]. The resonant wavelength shifts of an FBG
fixed at its two ends at the 0.03, 0.69, 1.41, 1.93,
and 3.16 nm prestretches under the transverse
forces between 0.0336 and 0.0783 N applied at its
middle are simulated [17,18], as shown in Fig. 8. The
polynomial curve fitting equations are chosen
among the linear, power, and exponential curve-
fitting equations, as their R2 values are close to 1.
By using a curve-fitting equation with R2 value close
to 1, the systematic errors can be reduced to themini-
mum, because the equation can relate the force to the
wavelength shift most accurately. Based on these
equations, the wavelength shifts of the FBG with a
5.71 gram inertial object placed at its middle at these
prestretches under accelerations between0.4 g are
simulated [17], as shown in Fig. 9. These theoretical
static sensitivities (1.25, 1.14, 0.83, 0.61, and
0.29 nm∕g at the 0.03, 0.69, 1.41, 1.93, and 3.16 nm
prestretches, respectively) agree with the experi-
mental sensitivities achieved at 6 Hz (1.29, 1.19,
0.88, 0.64, and 0.31 nm∕g). The percentage errors
are 3.20%, 4.39%, 6.02%, 4.92%, and 6.90%, respec-
tively. Therefore, the modified theory on the sensitiv-
ity has been verified.
B. Experiments on the Resonant Frequency
The modified theory on the resonant frequency is
verified by using the knock-excitation method used
with the 100 mm distance [17] for the FBGs across
the 50 and 24 mm gaps. Because the FBG across the
24 mm gap was broken, it was replaced by another
similar FBG with free-state wavelength 1540.71 nm.
After the FBG was prestretched, an inertial object
was hung at the middle of the FBG, and the surface
of the shaker was knocked once or twice. Throughout
these knock-excitation experiments, the shaker was
turned off, only serving as a table supporting the
equipment.
1. Verification of the Assumption
The assumption of the modified theory that the res-
onant frequencies in the forced and free vibrations
are similar is experimentally verified. The resonant
frequencies in the forced vibrations are achieved by
the frequency responses of the sensitivities, in which
the shaker forces the accelerometers to vibrate at cer-
tain frequency. The frequency responses in Figs. 4
and 5 are used.
The resonant frequencies in the free vibration are
achieved by the knock-excitation method, in which
the accelerometers are free to vibrate at any fre-
quency. To compare with the resonant frequencies
achieved by the frequency responses in Figs. 4 and 5,
similar prestretches and same inertial objects were
applied to the two FBGs in the knock-excitation
experiments.
Tables 2 and 3 show the comparisons between the
resonant frequencies achieved by the frequency re-
sponses in Figs. 4 and 5 and those achieved by the
knock-excitation experiments. The maximum differ-
ence is less 3 Hz. They agree with each other because
the frequency interval in the frequency response ex-
periments was about 3 Hz.
2. Similar Linear Relationships at Distances of
100, 50, and 24 mm
Figure 10 shows the records of the FBG across the
50 mm gap at 0.35 nm prestretches under the five
inertial objects shown in Fig. 1. The FBG was pre-
stretched to 1530.42 nm (1530.42–1530.070.35nm
prestretch). An inertial object weighted at 1.46 gram
was placed at the middle, and the FBG was stretched
to 1530.60 nm. The stretch induced by this 1.46 gram
inertial object was 1530.60–1530.420.18nm, and
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Fig. 4. Frequency response of the FBG accelerometer with the
5.71 gram inertial object across the 50 mm gap at different
prestretches.
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Fig. 5. Frequency response of the FBG accelerometer with the
3 gram inertial object across the 24 mm gap at different pre-
stretches.
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the total stretch was 1530.60–1530.07  0.53 nm.
The stretch ratio is 0.18∕0.53  33.96%. After it be-
came stable, the surface was knocked once. Then the
1.46 gram inertial object was removed, and the res-
onant wavelength went back to 1530.42 nm. This
process was repeated for another four inertial objects
Fig. 6. Records of the piezo accelerometer and FBG accelerometer with the 5.71 gram inertial object across the 50 mm gap tested at 6 Hz
at different accelerations and prestretches.
20 February 2014 / Vol. 53, No. 6 / APPLIED OPTICS 1207
weighted at 3.00, 3.49, 5.71, and 9.33 gram from the
lightest to the heaviest. Figure 11 shows the five 1 s
data extracted from the records in Fig. 10 for the five
inertial objects and their FFT spectra. The resonant
frequencies are read from the FFT spectra to the
second decimal. The corresponding RFPSMTs are
calculated by using the spring-mass theory, regard-
less of whether or not the assumption holds. The ax-
ial force at equilibrium Fe is first calculated by using
its experimental relationship with the wavelength
shift Δλ, Δλ  1.33Fe [18]. Then the RFPSMT is
found as f 0 

Fe∕mL
p
∕π, where m is the mass of
the inertial object, and L is the distance between the
FBG’s fixed ends [18]. The percentage error of the ex-
perimental resonant frequency compared to the cor-
responding RFPSMT is calculated. For the 0.35 nm
prestretch and 1.46 gram inertial object, the experi-
mental resonant frequency is 31.25 Hz found from
the FFT spectrum in Fig. 11. The axial force at equi-
librium is 0.53∕1.33  0.3985 N, and its RFPSMT
is

0.3985∕0.00146  0.05
p
∕3.1416  23.5 Hz. The
Fig. 7. Relationships achieved from Fig. 6 between the piezo and
FBG accelerometers.
Fig. 8. Theoretical simulation of the resonant wavelength re-
sponses of an FBG at the 0.03, 0.69, 1.41, 1.93, and 3.16 nm pre-
stretches under transverse forces between 0.0336 and 0.0783 N.
Fig. 9. Theoretical simulation of the wavelength shifts of an FBG
with a 5.71 gram inertial object at its middle at those prestretches
in Fig. 8 under accelerations between 0.4 g.
Table 2. Comparison between the Resonant Frequencies of the FBG
Accelerometer with the 5.71 gram Inertial Object across the 50 mm Gap at
Different Prestretches Achieved by the Frequency Responses (Forced
Vibration) and Knock-Excitation Experiments (Free Vibration)
Prestretch
(nm)
Frequency
Response (Hz)
Prestretch
(nm)
Knock-excitation
Experiments (Hz)
0.36 26.1 0.35 26.00
0.69 23.2 0.66 25.39
1.1 23.9 1.08 24.41
1.96 26.9 1.92 26.12
3.22 31 3.24 30.27
Table 3. Comparison between the Resonant Frequencies of the FBG
Accelerometer with the 3 gram Inertial Object across the 24 mm Gap at
Different Prestretches Achieved by the Frequency Responses (Forced
Vibration) and Knock-Excitation Experiments (Free Vibration)
Prestretch
(nm)
Frequency
Response (Hz)
Prestretch
(nm)
Knock-Excitation
Experiments (Hz)
0.16 40.9 0.15 40.04
0.77 40.7 0.84 38.09
1.54 42.8 1.43 41.99
2.73 55.7 2.71 53.71
Fig. 10. Records of the FBG across the 50 mm gap at 0.35 nm
prestretches by the knock-excitation method using five different
inertial objects.
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percentage error is 31.25−23.52∕23.5232.87%.
This percentage error is plotted against the stretch
ratio 33.96%.
This process was repeated for different pre-
stretches of the two FBGs, and Fig. 12 shows the re-
lationships achieved here at the distances of 50 and
Fig. 11. Five 1 s data extracted from the records in Fig. 10 for the five inertial objects and their FFT spectra.
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24mm and previously at the distance of 100mm [17].
The relationships achieved at the three different dis-
tances are similar. The slopes for the distances of 24,
50, and 100 mm are 0.7798, 0.8507, and 0.7395, re-
spectively. The slope only fluctuated a little with the
change of the distance. It shows that the distance
hardly influences the divergence of the resonant fre-
quency from the RFPSMT, whereas the modified
theory is independent of the distance.
3. Predictability of the Modified Theory
The modified theory can predict the resonant fre-
quency based on the linear relationship and the
RFPSMT. Once the stretch ratio is know, the per-
centage error can be found based on the linear rela-
tionship (the percentage error  0.7395  the stretch
ratio) [17]. The resonant frequency can be found
based on the percentage error and the RFPSMT
[17]. For example, for the FBG accelerometer
with the 5.71 gram inertial object at 0.36 nm pre-
stretch, its resonant frequency experimentally
found by the frequency responses was 26.1 Hz,
as shown in Table 1. Its resonant frequency predicted
by the modified theory can be calculated as below.
The total stretch was 1.05 nm, and the stretch
induced by the weight of the inertial object
was 1.05–0.36  0.69 nm. So the stretch ratio was
0.69∕1.05  0.6571, and the percentage error
was 0.7395  0.6571  0.4859. The RFPSMT is
1.05∕1.33∕0.00571  0.05
p
∕3.1416  16.74 Hz.
Then the resonant theory predicted by the modified
theory is 16.74  1 0.4859  24.87 Hz. In Table 4,
the predictions of the spring-mass theory and
modified theory are compared with the resonant
frequencies obtained from the frequency responses
of the 5.71 gramone inFig. 4. Themaximumandaver-
age errors of the spring-mass theory are 35.86% and
18.26%, while those of the modified theory 6.13% and
3.59%. It shows that the modified theory predicts
more accurately than the spring-mass theory does.
3. Conclusion
We have verified and enriched the modified theory.
Although the modified theory was proposed in [17],
many related things were still unclear. (1) The opti-
mal condition for simultaneously achieving high
sensitivity and resonant frequency was unclear,
although it was known that the optimal condition
for achieving the highest sensitivity is at the infini-
tesimal prestretch of the FBG, and that, as the
prestretch increases, the resonant frequency first de-
creases and then increases. It was uncertain whether
the infinitesimal or large prestretch was the optimal
condition for simultaneously achieving high sensitiv-
ity and resonant frequency. The resonant frequency
at large prestretch is higher than that at the infini-
tesimal prestretch, but how severe the sensitivity at
the large prestretch reduces was unknown. Here, it is
found that the sensitivity at the large prestretch is
too low for it to be the optimal, and therefore the
infinitesimal prestretch is the optimal condition.
(2) Its accuracy in predicting the static sensitivity
was unclear. The sensitivities experimentally
achieved at 10 Hz were 1.333 and 0.634 nm∕g, while
the corresponding static sensitivities predicted by
the modified theory were 1.188 and 0.784 nm∕g,
and the percentage errors were 12.21% and 19.13%,
respectively [17]. Here, the percentage errors for the
five cases presented are 3.20%, 4.39%, 6.02%, 4.92%,
and 6.90%, respectively. This shows that it is quite
accurate. (3) The assumption that the resonant fre-
quency in the forced vibration is close to that in
the free vibration could not be verified due to the fric-
tion. Here we have verified it by removing the shell to
eliminate the friction. (4) It was unknown that how
the distance between the fixed ends of the FBG
influences the divergence of the resonant frequency
from the RFPSMT. Here it is found that the distance
does not have evident influence.
The modified theory is important because it ap-
plies a novel approach for the scenario where the
spring-mass theory fails due to the fact that the force
at equilibrium changes too much to be viewed as con-
stant. Apart from its applications in FBG accelerom-
eters, it may have applications in other fields, as the
phenomenon of resonance appears almost every-
where in life, i.e., the resonant frequencies of a
bridge, skyscraper, airplane, and eardrum. When
the spring-mass theory fails, the modified method
may provide some insights.
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Abstract: Fiber Bragg Grating (FBG) accelerometers using transverse forces with an inertial 
object placed at the middle of the FBG have a high sensitivity but low resonant frequency. 
We demonstrate that an FBG accelerometer based on a transversely rotating stick can, at the 
same size, significantly increase the low resonant frequency and keep the high sensitivity.  
OCIS codes:  (060.3735) Fiber Bragg Grating; (060.2370) Fiber Optics Sensor.  
 
1. Introduction 
Fiber Bragg Grating (FBG) has intrinsic advantages of frequency modulation, ease of 
multiplexing and strong immunity to electromagnetic interference, and is suitable for 
structural health monitoring and seismic monitoring [1-3].  
 
FBG is inherently sensitive to temperature and strain. By changing its strain according to the 
acceleration applied, many accelerometers have been developed [4-12]. Originally, an FBG 
was bonded to a base, and an inertial object was used to change the strain of the base and the 
therefore the strain of the FBG [4, 5]. This method is not efficient, as it requires a heavy 
inertial object in order to achieve a high sensitivity. To improve the efficiency, an inertial 
object was directly fixed on an FBG, and applied forces along the direction of the FBG [6-8]. 
The efficiency was further improved by applying forces perpendicular to the direction of the 
FBG [10-12]. The transverse force was applied by an inertial object located at the middle of 
an FBG. In an experiment, the sensitivity and resonant frequency of an FBG accelerometer 
using transverse forces were 24 and 1/26 times those of an FBG accelerometer using axial 
forces with the same inertial object, respectively [11]. To keep the high sensitivity and 
increase the low resonant frequency of an FBG accelerometer using transverse forces, its size 
should be reduced. However, it is hard to reduce its size when the inertial object is placed at 
the middle of the FBG.   
 
We propose an FBG accelerometer using transverse forces but its inertial object is not placed 
at the middle of the FBG. Instead, its inertial object, a rotatable stick, is serially connected 
with the FBG. At the same size with an FBG accelerometer with an inertial object placed at 
the middle of the FBG [10-12], the FBG accelerometer proposed here can have a similar 
sensitivity but significantly higher resonant frequency.  
 
2. Theory 
Fig.1 shows the diagram of the proposed accelerometer. One end of an FBG is fixed, and the 
other end of the FBG is connected to the free end of a rotatable stick. Assume that (1) the 
FBG and stick form a straight line at equilibrium, (2) the stick could rotate smoothly around 
the pin, and (3) the tension of the string is constant. Based on the classic theories [13] that the 
net torque equals the product of the angular acceleration and moment of inertial (      ), 
and the moment of inertial of a uniform stick rotating around its one end equals one third of 
2 
the product of its mass and the square of its length (       ), we have     
    
                      
     
      
                    , where ,   ,   ,  ,  , and 
   are the mass of the stick, lengths of the stick and FBG at equilibrium, angles formed by the 
stick and FBG, and axial force of the FBG at equilibrium. Therefore, by solving this 
deferential equation [10], its resonant frequency can be found as                  . 
Therefore, ideally, the resonant frequency   is independent to   . Because    can be reduced 
to the length of Bragg gratings (usually  10mm), the resonant frequency of such an FBG 
accelerometer might be higher than those whose inertial objects are placed at the middle, at 
the same sensitivity and size. The size of the FBG accelerometer here is      . 
 
 
Fig.1 Diagram of the proposed sensor 
 
3. Experiments  
Fig.2 shows the manufactured FBG accelerometer. One end of the FBG was fixed on a block, 
which could be moved axially to adjust the stretch of the FBG by rotating the bolt at the far 
left. The two bolts on top of the movable block were to ensure that it only moves axially. The 
other end of the FBG was fixed on a stick, and the distance between the two fixed ends of the 
FBG was 17.5mm. The stick had a hole at its right end where it was pinned, so that it could 
rotate around the pin. The stick weighed 7.76gram, and was 60mm in length from the center 
of its hole to its connected end. The Bragg gratings used in the experiments was  10mm in 
length,  0.2nm of 3dB bandwidth,  90% of reflectivity, and manufactured by using a phase 
mask. Its free-state resonant wavelength at room temperature was 1530.80nm. A wavelength 
interrogator based on fabry-perot cavity with a repeatability of 1pm and sampling frequency 
1000Hz (SM130, Micro Optics Ltd.) was used.  
 
 
Fig.2 Manufactured FBG accelerometer 
 
Fig.3 shows the experimental setup. The FBG accelerometer was fixed on a shaker (VG 100-
4, Aurora, OH. 44202) by two bolts. A calibrated PCB 393B piezo accelerometer (sensitivity 
10V/g, measurement range ±0.5g, and sampling frequency 1000Hz) was fixed on its top. Sine 
waves were generated by an EZ digital FG-7002C sweep/function generator, amplified by a 
Crown CE2000 Amplifier, and fed to the shaker.    
3 
 
 
Fig.3 Setup of the acceleration measurement test 
 
The frequency responses of the FBG accelerometer at different stretches of the FBG were 
tested. Frequency response is acceleration sensitivities at different frequencies. First, the FBG 
was stretched to a certain amount. Then, the amplitude and frequency of the vibration of the 
shaker were varied to test the response of the FBG. The frequency was increased about 3Hz 
each time. At every tested frequency, the amplitude of the acceleration was first tuned 
randomly to differ itself from that of the last frequency, and then the amplitude was 
maintained for about 30s before moving to the next frequency. 10s data at every tested 
frequency were extracted from the 30s record to do the Fast Fourier Transform (FFT). 
 
Fig.4 shows the records of the FBG accelerometer and piezo accelerometer at different 
frequencies when the FBG was 0.41nm stretched at equilibrium and the FFTs of their 10s 
extracted data at 1Hz and 3Hz. The acceleration sensitivity at every frequency was calculated 
based on the FFTs by dividing the wavelength shifts by the acceleration observed by the 
corresponding piezo accelerometer and then timing 2 to get the crest to trough sensitivity [12]. 
By zooming in, the data were read with less than 1% error from the FFT spectra.  
 
Fig.5 shows the records of the FBG accelerometer and piezo accelerometer at different 
frequencies when the FBG was 0.85, 1.51, 2.97 and 4.54nm stretched at equilibrium. The 
results of the Piezo accelerometer are quite symmetric, whereas those of the FBG 
accelerometer are not. This is because (1) the maximum displacement from the equilibrium in 
simple harmonic motion is the same for the two sides, and (2) in this setup, the wavelength 
will change more when the lever moves down than when the lever moves up.  
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Fig.4 Records of the FBG accelerometer and piezo accelerometer at the different frequencies when 
the FBG was 0.41nm stretched, and the FFTs of their 10s extracted data at 1Hz and 3Hz 
5 
 
Fig.5 Records of the FBG accelerometer and piezo accelerometer at the different frequencies when 
the FBG was 0.85, 1.51, 2.97 and 4.54nm stretched 
6 
Fig.6 shows the overall frequency responses at those stretches of the FBG. When the stretch 
increased from 0.41 to 1.51nm, the resonant frequency reduced. It did not follow the 
theoretical prediction that the frequency increases with the stretch (                 ), 
because (1) the FBG and stick did not form a straight line at equilibrium, as shown in Fig.7, 
and (2) the spring-mass theory does not apply for scenario where the axial force (tension) 
changes too much to be viewed as a constant [12]. Fig.7 shows the straightness of the lines 
formed by the FBG and stick under these stretches. The straightness changed dramatically 
from 0.41 to 1.51nm stretch, but much slowly from 1.51 to 4.54nm stretch. When the stretch 
increased from 1.51 to 4.54nm, the resonant frequency increased. The experimental resonant 
frequencies were 35.8, 42.6 and 50Hz, while the theoretical ones are 25.2 
(                                         ), 35.4 and 43.6Hz (the changes of the 
axial force     and resonant wavelength of the FBG have the experimental relationship 
           [14]). These differences probably partially stemmed from that they were still 
not in an exactly straight line. The measurement frequency range of an accelerometer is 
where it has a rather constant sensitivity, which is decided by its resonant frequency [10, 15]. 
The higher the resonant frequency, the wider the measurement frequency range.   
 
  
Fig.6 Overall frequency responses at the different stretches of the FBG at equilibrium 
 
 
 
Fig.7 Different straightness of the lines formed by the FBG and stick under the different stretches of 
the FBG 
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The sensitivities at 5Hz at 0.41, 0.85, 1.51, 2.95 and 4.55nm stretches at equilibrium were 
tested at different accelerations. After the FBG was stretched and fixed on the shaker, the 
vibration frequency of the shaker was fixed at 5Hz, but its vibration amplitude was varied to 
test the response of the FBG. Each tested amplitude was maintained for about 30s before 
being changed, and then 10s data were extracted at every tested amplitude to do the FFT. 
Fig.8 shows the records of the FBG accelerometer and piezo accelerometer when the FBG 
was 4.55nm stretched, and the FFTs of their 10s extracted records at the lowest and highest 
accelerations. FFT is a powerful tool to analyze the sensitivity of an FBG accelerometer. The 
time domain signals of the FBG accelerometer contain noticeable noise, and look evidently 
different from the signals of the piezo accelerometer. However, by using FFT, the excellent 
agreement has been obtained between the FBG and piezo accelerometers. 
 
The FFT’s results are compared in Fig.9, which shows that (1) the sensitivities at 5Hz at 0.41, 
0.85, 1.51, 2.95 and 4.55nm stretches at equilibrium were 0.62, 1.24, 1.11, 0.42 and 0.18nm/g, 
respectively, and (2) their linearities were very good. 
 
The optimum condition for acceleration monitoring here was when the FBG was 0.85nm 
stretched at equilibrium, where the sensitivity was the highest (1.24nm/g) and the resonant 
frequency was moderate (43Hz). Although the resonant frequency at the 0.41nm stretch was 
about the 1.5 times that at the 0.85nm stretch, as shown in Fig.6, the sensitivity at the 0.41nm 
was only about the half of that at the 0.85nm stretch, as shown in Fig.9. The optimum 
condition for a similar FBG accelerometer is at the infinitesimal pre-stretch [12]. Probably, 
the 0.85nm stretch at equilibrium corresponded with the smallest pre-stretch if the lever and 
FBG were in a straight line. For the FBG 0.41nm stretched at equilibrium, the FBG was 
evidently relaxed when the lever was lifted by hands to form a straight line with the FBG. A 
relaxed FBG would not be able to show a good sensitivity, as the nonlinear transverse force 
amplifier requires the infinitesimal pre-stretch for the greatest amplification [14]. 
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Fig.8 Records of the FBG accelerometer and piezo accelerometer at 5 Hz at different accelerations 
when the FBG was 4.55nm stretched, and the FFTs of their 10s extracted data at the lowest and 
highest accelerations 
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Fig.9 Sensitivities at 5Hz at the different stretches of the FBG at equilibrium  
 
4. Conclusion 
The first FBG accelerometer based on a transversely rotating stick is demonstrated, as far as 
we known, which can keep the high sensitivity and increase the low resonant frequency of 
FBG accelerometers using transverse forces.  
 
In the experiments, the length of the FBG accelerometer was 77.5mm, and the resonant 
frequency 43Hz and sensitivity at 5Hz 1.24nm/g have been achieved. By contrast, for the 
50mm-long FBG accelerometer with an inertial object placed at the middle, the resonant 
frequency 26Hz and sensitivity at 6Hz 1.29nm/g were achieved [12]. These two FBG 
accelerometers have similar sensitivities, but the resonant frequency of the FBG 
accelerometer here is 65% higher. If the length of the FBG accelerometer here is scaled down 
from 77.5mm to 50mm, its resonant frequency would be even higher.   
 
Different stretches have been applied to the FBG. The FBG accelerometer had the highest 
sensitivity at 5Hz 1.24nm/g and a moderate resonant frequency 43Hz, when the FBG was 
0.85nm stretched at equilibrium, which was the optimum condition for the FBG 
accelerometer in the experiments.  
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Abstract: When a transverse force is applied to a lightly stretched string fixed by its 
two ends, a much stronger axial force along the string will be induced, which can be 
used to increase the sensitivity of a Fiber Bragg Gratings (FBG) force sensor. 
Theoretically, the amplification of the string transverse-force amplifier is infinite for 
an infinitesimal force at zero pre-strain. Practically, to ensure that the string is straight, 
the string is often pre-stretched a little before a transverse force is applied. However, 
the optimum amplification condition under a given small pre-stretch is still unclear. 
Here, based on an approximation, we theoretically prove that the maximum 
amplification occurs when the strain induced by the transverse force equals the 
pre-strain, and predict the maximum amplification and corresponding transverse force. 
Numerical simulations without the approximation have been carried out for three 
pre-strains up to 0.001553, and compared with the predictions based on the 
approximation. The largest error of the predicted maximum amplifications is 0.1167%. 
The largest deviation of the induced strains corresponding to the maximum 
amplifications in the simulations from the pre-strains is 0.47%. Experimental results 
acquired previously for other studies are reused to verify the simulations and 
predictions. The revelation of the optimum amplification condition significantly 
improves the understanding of the FBG force sensors using transverse forces.  
OCIS codes:  (060.3735) Fiber Bragg gratings; (060.2370) Fiber optics sensors 
 
1. Introduction 
When a transverse force is applied to a lightly stretched string fixed by its two ends, a 
much stronger axial force along the string will be induced. The nonlinear 
amplification relationship between the transverse force and its induced axial force was 
theoretically analyzed and experimentally validated [1]. It has been used to increase 
the sensitivity of an FBG accelerometer [2, 3].  
 
The optimum amplification condition was also investigated [1]. The applied position 
must be at the middle of the string for the largest amplification, as suggested by the 
symmetry of the problem and the simulation and experimental results. Theoretically, 
2 
the amplification of the string transverse-force amplifier is infinite for an infinitesimal 
force at zero pre-strain. In practical applications, a small pre-strain is usually applied 
to ensure that the string is straight. What is the optimum amplification condition in 
such cases? Here, we address this question.  
 
2. Theory 
When the applied position is at the middle of the string, the amplification is [1] 
                              
                   (1), 
where   ,    ,   , and    are the transverse force applied, axial force change 
induced by   , pre-strain before    is applied, and strain change induced by   , 
respectively. 
 
When     , Equation (1) can be approximately represented as below [1] and the 
error is 0.74%.   
            
                               (2). 
The error is  
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As the maximum value may occur when the derivative is 0, the derivative of the 
Equation (2) is found and equaled to 0. 
     
         
   
 
  
 
                
   
        
 
  
 
 
 
 
                              
                                                                             (4). 
Therefore, 
 
 
                               
 
 
                             
         
                                (5). 
Equation (5) shows that      gives a stationary point of the amplification function 
shown in Equation (2).  
3 
Equation (2) is rearranged as below. 
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Define a function  
  
  
  
 
 
 
 
   
  
 
 
                       (7). 
Therefore,   
       
  
    
 
 
                  (8).  
Equation (8) shows that for a given small pre-strain  , the amplification        is 
proportional to K. A numerical simulation has been carried out to show the 
relationship between K and 
  
 
, as shown in Fig. 1. As expected, when     , K 
reaches the maximum, 0.5. When    increases from 0 to  , K increases dramatically 
from 0 to 0.5. When    further increases, K starts to reduce slowly. Therefore, the 
maximum amplification occurs when the induced strain equals the given pre-strain.   
 
Fig. 1 Relationship between K and 
  
 
 in equation (7) 
 
The maximum amplification is  
       
  
    
 
 
  
  
    
 
 
                  (9).   
When     , the transverse force is [1] 
                 
                           (10), 
where   and   are the cross-sectional area and Young’s modulus of the string, 
respectively. Therefore, the transverse force around           will be amplified 
most, and its induced axial force is around    . 
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3. Simulation and experimental results  
Table 1 shows the numerical simulations based on Equation (1), and Table 2 shows 
the comparison between the simulated results and the predictions of Equation (9). The 
pre-stretch of an FBG is in terms of the resonant wavelength shift of the FBG, which 
can be converted into pre-strain based on the experimental relationship (stretch in unit 
of nm=strain*1159.02) [1].    was increased from 0.0000001 to 0.0031999 in steps 
of 0.0000001, and the        at the different pre-strains were calculated based on 
the Equation (1). Table 2 shows that (1) the predicted maximum amplifications were 
very close to the simulated ones, and the largest difference was only 0.1167%; and (2) 
the largest difference between   and    was 0.47%. The simulated amplifications 
corresponded with the pre-strains were very close to the maximum, and the largest 
difference was only 0.003%, which was calculated but not shown in Table 2. 
 
Table 1 Numerical simulations of the amplification relationships at the different pre-stretches 
of the FBG based on Equation (1) 
Δε 
Amplification (      ) 
Pre-stretched 
0.05nm 
Pre-stretched 
0.6nm 
Pre-stretched 
1.8nm 
0.0000001 2.5856541 0.2159289 0.0719856 
0.0000002 3.6482301 0.3053107 0.1017964 
0.0000003 4.4578656 0.3738555 0.1246666 
0.0000004 5.1356777 0.4316079 0.1439434 
0.0000005 5.7287053 0.4824592 0.1609233 
0.0000006 6.2611355 0.5284056 0.1762713 
0.0000007 6.7473736 0.5706333 0.1903825 
0.0000008 7.1968302 0.609915 0.2035143 
0.0000009 7.6160588 0.6467879 0.2158457 
... ... … … 
0.0031999 6.181747355 5.3926641 4.21795128 
 
Table 2 Comparison between the simulated results based on Equation (1) and the predictions 
of Equation (9) 
 
Pre-stretched 
[nm] 
Corresponding 
pre-strain (ε) 
Predicted 
maximum 
amplification  
Simulated 
maximum 
amplification 
Error of the 
prediction 
Δε 
corresponding 
to the simulated 
maximum 
amplification 
0.05 0.0000431 26.914448 26.915315 0.0032% 0.0000431 
0.6 0.0005177 7.769532 7.77255 0.0388% 0.0005185 
1.8 0.001553 4.485741 4.49098 0.1167% 0.0015603 
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Fig. 2 shows the simulated relationships in Table 1, and the experimental results. The 
experimental results were acquired in Ref. [1, 2] but reused here. They have verified 
the simulations, although there was no data in the original experiments around the 
peak of the 0.05nm pre-stretch. This is because even without the discussion on the 
0.05nm pre-stretch, the data of the 0.6 and 1.8nm pre-stretches would have verified 
the simulations.  
 
Fig. 2 Numerical simulation of the amplification relationships in Table 1 and the experimental 
results in Ref. [1, 2] 
 
Table 3 Experimental results at the 0.05nm pre-stretch of the FBG 
Weight 
hung 
[gram] 
Corresponding 
transverse 
force [N] 
Induced 
wavelength 
shift [nm] 
Corresponding 
Δε 
Corresponding 
       
9.89 0.096922 1.21 0.001044 9.386666 
24.74 0.242452 2.266 0.001955 7.027203 
39.5 0.3871 3.1 0.002675 6.021253 
54.41 0.533218 3.838 0.003311 5.411885 
69.45 0.68061 4.516 0.003896 4.98889 
9.89 0.096922 1.245 0.001074 9.658181 
24.74 0.242452 2.319 0.002001 7.191564 
39.5 0.3871 3.167 0.002732 6.15139 
54.41 0.533218 3.919 0.003381 5.526101 
69.45 0.68061 4.607 0.003975 5.089419 
9.89 0.096922 1.242 0.001072 9.634908 
24.74 0.242452 2.308 0.001991 7.157451 
39.5 0.3871 3.157 0.002724 6.131966 
54.41 0.533218 3.902 0.003367 5.50213 
69.45 0.68061 4.588 0.003959 5.06843 
1.46 0.014308 0.32 0.000276 16.81587 
3 0.0294 0.55 0.000475 14.06578 
5.71 0.055958 0.86 0.000742 11.55539 
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Table 3 shows the experimental results when the FBG was about 0.05nm 
pre-stretched. After the pre-stretch was applied, a transverse force was applied by 
hanging a weight at the middle of the FBG, and its induced wavelength shift was 
recorded [1, 2]. Then, (a) the induced strain was converted from wavelength shift by 
dividing 1159.02 [1], and (b) the amplification was calculated by dividing the 
wavelength shift by 1.33 to get the induced axial force [1] and then dividing the 
induced axial force by the transverse force.  
 
4. Conclusion 
We have demonstrated the optimum amplification condition for the string transverse 
force amplifier with a small pre-strain. It is when (1) the applied position is at the 
middle of the string and (2) the transverse force applied is around          , where 
its induce strain approximately equals the pre-strain. The maximum amplification is 
approximately 
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Chapter 9: Conclusions 
This research has (1) examined FBG sensors and found that only one 
prominent method of making these sensors exists, (2) proposed a new manufacturing 
method, which directly increases the sensitivities of FBG force sensors and reduces 
the number of FBGs required for biaxial force monitoring, (3) based on the new 
method, developed 3 different FBG accelerometers with different features, all of 
which are more sensitive than FBG accelerometers based on the original method at 
the same inertial mass, because an FBG is more sensitive to the transverse force than 
the axial force. Also, the case-independent string transverse-force amplifier and 
modified spring-mass theory, unexpectedly revealed in this research, may have 
applications in other fields.  
A new method of making FBG sensors, which is more sensitive to force, is 
proposed and demonstrated in Chapter 3 (Paper 1). It is found that when a transverse 
force is applied to a lightly-stretched string fixed by its two ends, a much stronger 
axial force along the string will be induced. The amplification relationship between 
the transverse force and induced axial force is nonlinear, and depends on the 
magnitude of the transverse force, applied position, and pre-strain, cross-sectional 
area and Young’s modulus of the string. Theoretically, the amplification of the string 
transverse-force amplifier is infinite for an infinitesimal force at zero pre-strain.  
Practically, to ensure that a string is straight, the string is often pre-stretched a 
little before a transverse force is applied. Based on an approximation, it is 
theoretically proved that the maximum amplification occurs when the strain induced 
by the transverse force equals the pre-strain of the string (Chapter 8, Paper 6). The 
maximum amplification and corresponding transverse force are also predicted. The 
theory based on the approximation has been verified by the experimental results and 
numerical simulations without the approximation.  
This method can be used to make more sensitive FBG force sensors and reduce 
the number of FBGs required for biaxial monitoring. Based on this method, 3 
different FBG accelerometers have been developed in this research. The first one has 
been developed by hanging an inertial object on an FBG, which has a low cross-axial 
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sensitivity because the inertial object can slide along the FBG (Chapter 4 & 5, Paper 
2 & 3). The second one has been developed by inscribing two FBGs in one optical 
fiber and fixing an inertial object at the middle of the two FBGs. It can 
simultaneously measure accelerations in the axial and transverse directions, which 
used to require 4 FBGs. In the experiments comparing the sensitivities and resonant 
frequencies in the axial and transverse directions, the sensitivity and resonant 
frequency in the transverse direction were 24 and 1/26 times those in the axial 
direction, respectively (Chapter 6, Paper 4). To increase the low resonant frequency 
and keep the high sensitivity of an FBG accelerometer using transverse forces, the 
third FBG accelerometer has been developed by axially connecting an FBG with a 
rotatable stick, and experimentally demonstrated (Chapter 7, Paper 5). 
As the low sensitivities of FBG accelerometers limit their applications, as 
discussed in Chapter 2.6.2, the FBG accelerometers developed here may make up 
this drawback and boost the applications. As a result of reducing the number of 
FBGs required, more environmental information can be acquired by the same 
number of FBGs, which would improve the quality of monitoring. 
The sensitivities and resonant frequencies of the FBG accelerometers 
developed in this research are 1.29nm/g and 26Hz (Chapter 5, Paper 3), 0.545nm/g 
and 34Hz (Chapter 6, Paper 4), 1.24nm/g and 43Hz (Chapter 7, Paper 5). The 
experimental sensitivity of the FBG accelerometer in Chapter 4 (Paper 2) was 
obtained by the method of estimating the time domain curves, which is not as 
accurate as the FFT method and has been abandoned in Papers 3-5. For general 
applications, the measurement frequency range of an accelerometer is the half of the 
resonant frequency. Therefore, their measurement frequency ranges are 13Hz, 17Hz 
and 21.5Hz, respectively, while their measurement amplitude ranges have been 
tested to 0.25g in the experiments. With a commercially available interrogator with a 
resolution of 1pm, their resolutions will be 0.0008g (1g/1290pm=0.0008g/pm), 
0.0018g, and 0.0008g, respectively. In Chapter 5 (Paper 3), the accuracy of the FBG 
accelerator (1.29nm/g and 26Hz) has been analyzed by comparing with an electrical 
piezo accelerometer at 6Hz, and the maximum error is only 0.0012g across the 0.25g 
range.   
These FBG accelerometers are already suitable for some applications in 
structural health monitoring, although their perimeters can be further improved. In 
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structural health monitoring, it is critical to monitoring the large structures, in which 
the frequencies involved are usually under 13 Hz [16, 117-119] and the amplitude is 
usually under 0.1g [16, 118]. The FBG accelerometer with 0.0008g resolution and 
0.0012g accuracy should be able to provide detailed features of these structures, 
whereas the other two FBG accelerometers probably could also provide some useful 
information of these structures. 
Short and medium span bridges are also the potential applications, as their 
resonant frequencies are usually lower than 10 Hz [120, 121].  
In the experiments on the FBG accelerometers in Chapter 4 (Paper 2), the 
spring-mass theory is used to explain the experimental results, but its predictions 
disagree with the experimental results. The predicted static sensitivities are about 3 
times the experimental results achieved at 10Hz, and the predicted resonant 
frequencies are about 30% lower than the experimental ones. Therefore, the spring 
mass theory is modified.  
Chapter 5 (Paper 3) verifies the modified spring-mass theory and shows that 
the static sensitivities and resonant frequencies predicted by the modified spring-
mass theory agree with the experimental results very well. The maximum errors of 
the sensitivity and resonant frequency in the five cases studied are 6.9% and 6.13%, 
respectively. 
There are a few future works. 
The first one will be applying the 3 FBG accelerometers developed in this 
research into real structures, such as bridges, towers, and reservoirs. Their advantage 
of easy multiplexing may bring unexpected benefits into the monitoring. For 
example, because many FBG accelerometers can be easily connected to work 
together, the resonant frequencies of a structure might be obtained easier and more 
accurately. However, on the other hand, the limitations of the 3 FBG accelerometers, 
which have been observed in this research, should also be treated carefully in 
practical applications. For the first one which hangs the inertial object, the friction 
between the inertial object and shell should be reduced, which might be achieved by 
reducing the contact area between them. For the third one with a rotatable stick, the 
friction at the rotating point could be problematic for long term application, 
especially in harsh environment. For applications in harsh environment, the FBG 
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accelerometer should be sealed very well, so that it could be free from dusts and 
reach its full lifespan.  
The second one will be seeking for methods to further increase the resonant 
frequency of the FBG accelerometers developed in this research. To be suitable for 
more applications, the resonant frequencies of the developed FBG accelerometers 
have to be further increased by either reducing the size or other novel methods.  
The third one will be investigating the possible advantages of the proposed 
FBG-strain-modulation method in other FBG sensors, such as FBG temperature 
sensors and displacement sensors. The relationship between the displacement of the 
middle of the FBG and the resonant wavelength shift has been revealed in Chapter 4 
(Paper 2), which can guide the design of FBG sensors. For example, an FBG 
displacement sensor can be designed by converting the environmental displacement 
to the displacement of the middle of an FBG fixed by its two ends.  
The fourth one will be investigating other possible applications of the string 
transverse-force amplifier. The amplification relationship, demonstrated in Chapter 3 
& 8 (Paper 1 & 6), works for all the strings, although its applications in other string-
related fields have not been identified. Furthermore, the string transverse-force 
amplifier may be extended to be used in surface applications, as discussed in Chapter 
3.  
The last part of the future work will be investigating the other possible 
applications of the modified spring-mass theory. The modified spring-mass theory, 
proposed for the FBG accelerometers in Chapter 4 (Paper 2), may provide some 
insights to other fields as well. The spring-mass theory failed to explain the 
experimental results of the FBG accelerometers, because its assumption that the 
tension of the string is a constant was not satisfied. The tension in other applications 
may not behave as a constant either, where the spring-mass theory may also fail 
whereas the modified spring-mass theory may provide some insights.   
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The only effective method of fiber Bragg grating (FBG) strain modulation has been by changing the distance between
its two fixed ends.We demonstrate an alternative that is more sensitive to force based on the nonlinear amplification
relationship between a transverse force applied to a stretched string and its induced axial force. It may improve the
sensitivity and size of an FBG force sensor, reduce the number of FBGs needed for multiaxial force monitoring, and
control the resonant frequency of an FBG accelerometer. © 2013 Optical Society of America
OCIS codes: 060.3735, 060.2370.
A fiber Bragg grating (FBG) is inherently sensitive
to strain and temperature by changing its resonant
wavelength [1]. With intrinsic advantages of frequency
modulation, ease of multiplexing, and strong immunity
to electromagnetic interference, FBG strain-modulated
equipment is well suited for many fields, such as struc-
tural health monitoring [2], seismic monitoring, and
telecommunication [3,4].
However, the only effective method to modulate FBG’s
strain evenly has been by changing the distance between
its fixed ends [3–10]. The method was proposed early [3]
and demonstrated [4] to compensate for FBG inherent
temperature sensitivity for a wavelength filter by using
bimetallic strain change with temperature. Different
temperature sensitivities have also been achieved based
on the similar theories [6–8]. Besides converting the
strain or displacement of the bonded object of an
FBG, the method has also been used to directly convert
an axial force to the strain change of a stretched FBG
[9,10]. Other methods, however, are either obsolete or
with evident side effects. For example, epoxying an
FBG throughout to a surface and bending the surface
to modulate its strain unevenly can eliminate tempera-
ture influence by changing the reflected power instead
of the resonant wavelength, but is no longer frequency
modulation [11].
Alternatively, applying a transverse force to a stretched
FBG canmodulate its strain evenly andmore efficiently in
terms of the force needed to induce the same strain
change, because it can induce a stronger axial force along
the FBG and therefore a larger strain change.
Figure 1 shows the mechanism of the amplification. A
vertically moving rod with a round, frictionless top pulls
a horizontally stretched string fixed by its two ends from
point C to point C’. Assume that the distance between the
two points CC’ is y, and the angles formed are α and β.
Because there is no friction at the point C’, the string can
move freely from one side to the other side there, and the
magnitudes of the axial forces and strains are the same
between the two sides.
In the vertical direction of the point C’ of the
string, FtFlΔFlsin αsin βAEεΔεsin α
sin β; where Ft, Fl, ΔFl, ε, Δε, A, and E are the vertical
projection of Fr (the force applied by the rod), original
axial force, induced axial force by Ft, prestrain, induced
strain, cross-sectional area, and Young’s modulus of the
string, respectively;
Δε 

x2  y2
p


L − x2  y2
p
− L
L
; (1)
where L is the distance between the two fixed ends of
the string and x is the distance between the point C
and one end of the string. So the amplification of the
transverse force Ft is
ΔFl
Ft
 Δε
εΔε

y
x2y2
p  y
L−x2y2
p
 : (2)
When the transverse is applied at the middle (x  0.5L),
Ft 2AEεΔε

2ΔεΔε2
p
Δε1 ; and
ΔFl
Ft
 ΔεΔε1
2εΔε

2ΔεΔε2
p . When
Δε ≤ 1%, they can be approximately represented as Ft ≈
2

2
p
AEεΔεΔε1∕2 and ΔFlFt ≈

2
p
Δε1∕2
4ε4Δε , and the errors
are less than 0.75%. When ε≫ Δε, ΔFlFt ≈

2
p
Δε1∕2
4ε ≈
Ft
8AEε2
:
When ε≪ Δε, ΔFlFt ≈

2
p
Δε1∕2
4Δε ≈
AE1∕3
2F1∕3t
:
The FBG’s resonant wavelength shift induced by
its strain change is Δλ  λ1 − PeΔε  λ1 − PeΔFlAE ;
where λ is the original resonant wavelength and Pe is
the photo-elastic constant.
Fig. 1. Transverse force applied to a stretched string. The inset
is the force diagram of the point C’ of the string.
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Theoretically, 0.1 N transverse force applied at the
middle of a scarcely stretched FBG will induce 1.03 N
axial force as ΔFlFt ≈
AE1∕3
×2F1∕3t
and 1.47 nm resonant wave-
length shift as Δλ  λ1 − PeΔFlAE , taking typical
values of FBG for AE 846.76 N (3.1416  0.125∕22
6.9  1010), Pe 0.22, and λ 1550 nm. Because the resonant
wavelength shift is 10.3 times larger than what 0.1 N axial
force induces, the FBG is 10.3 times more sensitive to
0.1 N transverse force and the nonlinear sensitivity of
such an FBG force sensor is improved as many times
as the amplification of the transverse force.
The optimum for the largest amplification is that the
prestrain is negligible and the transverse force is the
smallest as ΔFlFt ≈
AE1∕3
2F1∕3t
, and the applied position is at
the middle because of the symmetry of this problem
and the results shown in Fig. 4. Theoretically, the ampli-
fication is infinite for an infinitesimal force at zero pre-
strain. It might be significant in reducing the sizes of
the cumbersome strain sensors for detecting extremely
low signals such as gravitational waves [12]. The ampli-
fication becomes less evident and finally an increasing
diminishment as Δε increases.
In its horizontal direction, Fl ΔFl cos α 
Fl ΔFl cos β kFr; where kFr is the horizontal pro-
jection of Fr . When α and β are small, cos α ≈ cos β
and kFr ≈ 0. The closer to the middle the applied
position, the smaller kFr. For example, when x 
0.65L and 1% more strain change has been induced
than that at its horizontal state, y  0.06769L according
to Eq. (1), cos α  0.65∕

0.652  0.067692
p
 0.995,
cos β  0.982, and kFr  0.013Fl ΔFl. 64.7%
(

0.652  0.067692
p
L  0.6535L) of the string is at the
left and 35.3% (0.3565L) is at the right. 0.3% (0.0030L)
has moved from the left to the right.
The Bragg gratings used in the experiments were
manufactured on bending insensitive fibers (Silibend
G.657.B, Silitec Fibers Ltd.) by using phase masks,
∼6 mm in length, ∼0.2 nm of 3 dB bandwidth, and
∼90% of reflectivity. A wavelength interrogator (SM130,
Micronoptics Ltd.) based on a Fabry–Perot cavity with a
repeatability of 1 pm and an electrical mass scale with a
resolution of 0.01 g were used.
Figure 2 shows the experimental setups, in which the
free-state resonant wavelength of the only FBG used was
∼1535.57 nm at room temperature. In the axial-force-
wavelength experiment, an object was glued at one end
of the FBG far from the Bragg grating, and the other end
was lifted by hand. More weights were hung on the object
to test its response. In the strain-wavelength experiment,
the two ends of the FBG were epoxied on the two pillars
of a horizontal stretching stage with a resolution of
0.01 mm. The position of one pillar was adjustable by
screws. The distance between the two fixed ends of
the FBG was 99.75 mm at its initial stretching position,
measured by a digital vernier caliper with a resolution
of 0.01 mm. Different displacements of the adjustable pil-
lar were given by tuning the screw to test its response.
Figure 3 shows the results of these two experiments,
from which AE  1159.02 nm∕1.33 nm∕N  871.44 N
and Pe  1 − 1159.02 nm∕1535.57 nm  0.25.
Its transverse-force-wavelength response was tested at
x  0.5L and 0.35L with different prestretches (∼0.05,
∼0.6, ∼1.2, and ∼1.8 nm resonant wavelength shifts from
its free state), by using the above stretching stage to hold
and prestretch the FBG as shown in Fig. 2(c). Different
transverse forces were applied by hanging a basket
weighted ∼0.1 N on the FBG and putting four objects
weighted ∼0.15 N each into the basket one by one to
test its response. The applied positions were measured
by the above digital vernier caliper, and the experiment
was repeated three times.
Viewing the basket and string as a whole, in
the horizontal and vertical directions, we have
F left cos α  F right cos β, cos α ≈ cos β, F left ≈ F right;
F left sin α F right sin β  Ft; where F left and F right are
the axial forces of the left and right sides, respectively.
Although this setup is slightly different from Fig. 1, equa-
tions in its vertical direction are still applicable because
F left ≈ F right and the strains of the two sides are still
almost the same. Theoretically, when x  0.65L and 1%
more strain change is induced, because the string cannot
move at the applied position and the length ratio of the
two sides cannot change, unlike that in Fig. 1, the basket
Fig. 2. (Color online) Setups of the axial-force-wavelength
(a), strain-wavelength (b), and transverse-force wavelength
(c) experiments.
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Fig. 3. (Color online) Axial-force-wavelength and strain-
wavelength responses of an FBG.
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will move to the right for a distance ∼0.003L to make
F left ≈ F right. cos α ≈ 0.65 0.003∕0.65  1.01  0.995
and cos β ≈ 0.982.
The experimental results are shown in Fig. 4, in which
the transverse forces are compared with their induced
axial forces by converting the observed resonant wave-
length shifts to the axial force changes based on Δλ 
1.33001ΔFl shown in Fig. 3. The theoretical predictions
were calculated based on Eqs. (1) and (2) by designating
an increasing y. The experimental results were slightly
lower than the theoretical ones, which probably
stemmed from the tiny tilt and displacement of the adjus-
table pillar where one end of the FBG was fixed. The
applied positions were between the Bragg grating and
interrogator, and the powers of the resonant waves
fluctuated within 2% during the experiment, but showed
no dependence on the transverse forces.
0.10 and 0.68 N transverse forces applied at the
middle (0.5L) were amplified 9.60 and 5.05 times on
average with ∼0.05 nm prestretch (prestrain: ∼0.05 nm∕
1159.02 nm  ∼0.00004), while only being amplified
3.15 and 3.84 times on average with ∼1.8 nm prestretch,
respectively. When they were applied at 0.35L, the above
figures changed to 9.33 and 4.91 times with ∼0.05 nm
prestretch and 3.01 and 3.70 times with ∼1.8 nm pre-
stretch, respectively. This shows that the prestrain has
a very strong influence on the nonlinear amplification,
while the applied position does not. Therefore, the non-
linear results of such equipment are easier to process if
their prestrains are negligibly small.
The number of FBGs needed for multiaxial force
measurement may be reduced. For example, the biaxial
inclinometer [9] may be achieved by two FBGs instead of
four. A surface supporting the inertial mass is necessary
for applying the biaxial forces according to inclinations.
The axial inclinations were distinguished by the differen-
tials between the resonant wavelengths of the two
FBGs, while the transverse inclinations may now be
calculated.
The resonant frequency of such an FBG accelerometer
may be controlled by changing its prestrain, the length
between its fixed ends, or the mass of its inertial object.
We will report this elsewhere.
In conclusion, we theoretically proved that applying a
transverse force to a stretched string can induce a stron-
ger axial force and, in the case of a stretched FBG, a
larger resonant wavelength shift. In the experiments,
the FBG’s resonant wavelength responses to axial and
transverse forces were tested and compared, which
validated the theoretical predictions. Some advantages
of this strain modulation method were also discussed.
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